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ABSTRACT
The protection of coastal water users from health problems due to pollution is
a key responsibility of local and state governments in Australia. There is a
continuing interest in finding better indicators and predictors of water pollution.
The study of faecal contamination in Sutherland Shire recreational waterways
was undertaken to examine the relationship between enterococci densities in
coastal waters (as an indication of pollution) and catchment rainfall.
Sutherland Shire Council would like to use such a relationship to predict the
occurrence of elevated faecal contamination in recreational waters, and thus
reduce human exposure to the potential health effects associated with
contaminated water. Eight sites were selected for study based on water
contamination history and popularity for recreational use. Extensive water
quality and rainfall data from local and state government records was
synthesised and subjected to multiple regression analyses. The results of the
analyses indicated no statistical correlations between rainfall and enterococci
concentrations for any site. Indicator bacteria densities were found to be
highly variable and a number of temporal, spatial and environmental factors
were identified as influencing enterococci levels in waterways. In addition,
recent upgrades of sewerage systems in the Sutherland Shire have
significantly reduced the frequency of sewage overflows in the area. These
findings established that the use of rainfall to predict bacterial concentrations
in Sutherland Shire coastal waters was extremely limited. This study
demonstrated that systems within Sutherland Shire catchments are too
complex to model using any single rainfall variable. More complex models
incorporating a number of different variables may improve the capacity to
predict enterococci concentrations in recreational waters.
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CHAPTER 1

INTRODUCTION

Humans use water for a wide range of domestic, commercial, industrial and
recreational purposes. Many of these uses require water to be of an
appropriate quality (WHO, 2003). The contamination of water is therefore a
persistent concern worldwide.
The Sutherland Shire is located on the southern fringe of the Sydney
metropolitan area in New South Wales (NSW), Australia. It covers an
approximate area of 370 km2 and has a population of over 220,500. Land use
in the Sutherland Shire is predominantly residential and commercial; however,
the area is regarded for its natural attributes, including parkland, beaches and
waterways. Recreational use of such waterways is popular for residents and
visitors to the Sutherland Shire. Therefore, regular water quality monitoring
and assessment of these waterways is essential.
Recreational water bodies are used for both primary contact activities, such
as swimming, and secondary contact activities, such as boating (ANZECC,
2000). The quality of recreational waters can be affected by a range of
pollutants, including heavy metals, nutrients, petroleum hydrocarbons and
biological pathogens (Hose et al., 2005; Gray & Becker, 2002; Townsend,
1995; Meynard et al., 1989). A number of studies have linked the quality of
recreational waterways with health effects in swimmers, particularly as a
result of faecal contamination (Cabelli, 1989). In particular, pathogens such as
viruses, bacteria and protozoans pose a considerable health risk to humans
(Henrickson et al., 2001). Users therefore expect warnings if exposure to
these areas presents a significant health risk.
Contamination of recreational waters by faecal pollution can lead to
detrimental health effects, due to the presence of infectious microorganisms
(WHO, 2003). In particular, the microbiological contamination of recreational
waters by enteric pathogens is a major concern (Wheeler, 2002). As most
enteric pathogens are prevalent in faecal waste, faecal pollution is recognised
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as the major contributor of pathogens to recreational waterways (Wade et al.,
2006). Pollutants derived from human sources are of the most concern, since
human faeces is most likely to contain human-specific enteric pathogens (Yan
and Sadowsky, 2007). Contact or ingestion of enteric pathogens can cause
gastrointestinal infections or infections of the ears, eyes, respiratory tract,
nasal cavity and skin (WHO, 2003). Thus, there is a considerable risk of
contracting a number of severe infections associated with the recreational use
of marine waters contaminated with faecal matter (Cabelli, 1989).
Monitoring of water quality is a major global activity and research is ongoing
to identify appropriate indicators for quality assessment (Jin et al., 2000). To
reduce the exposure of humans to contaminated water, monitoring and
reporting of water quality is conducted by local and state governments
(DSEWPC, 2012). Water quality monitoring programs are designed to protect
waterways from pollution, thus improving the health of aquatic ecosystems
and reducing the human health risks associated with water contamination
(Tendolkar et al., 2003; WHO, 2001). A range of parameters are used to test
the quality of waterways, including pH, temperature, dissolved oxygen (DO),
total nitrogen (TN), electrical conductivity (EC), turbidity and microbiological
indicators (NHMRC, 2008). To assess the compliance of a waterway with
water quality standards, these parameters are compared with national
guidelines (ANZECC, 2000).
Most pathogenic microbes are not easily detected in water (Beachwatch,
2009; Bitton, 2005; Hose et al., 2005) and instead, indicator bacteria are
widely used as a measure of faecal contamination (Anderson et al., 2005;
Ferguson et al., 2005; Burhans & Nuzzi, 1997). Enterococci are a group of
indicator bacteria advocated by the National Health and Medical Research
Centre (NHMRC) as the single, preferred microbial indicator for the detection
of faecal contamination in recreational waters (NHMRC, 2008). The extent of
enterococci in recreational waterways is the single best measure of its quality,
relative to the risk of pollution-related infectious disease from recreationalassociated uses (Cabelli, 1989). Industrial effluents, stormwater runoff, septic
tank effluents and diluted raw sewage from emergency sewage overflows are
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a number of potential point and diffuse sources of enterococci to waterways
(Hill et al., 2006; Tendolkar et al., 2003; Burhans & Nuzzi, 1997; Gannon &
Busse, 1989; SPCC, 1979).
Rainfall has repeatedly been acknowledged as a significant determinant of
faecal contamination, and thus enterococci, in recreational waters (e.g.
Beachwatch, 2011; Cho et al., 2010; Engineers Australia, 2006; Godfrey et al.,
2005; Hose et al., 2005), due to elevated urban runoff and increases in the
likelihood of discharges from sewerage systems with heavy rainfall
(Goonetilleke et al., 2005; Jeng et al., 2005; Beale, 1992). Consequently, a
relationship between rainfall and enterococci to predict elevated faecal
contamination in marine waters has been identified in a number of studies
(e.g. Cho et al., 2010; Beachwatch, 2009; Dale & Stidson, 2009; Hose et al.,
2005; Celico et al., 2004). This relationship has been chosen as the primary
focus of this study for recreational waters within the Sutherland Shire.

1.1

Aims and objectives

The primary aim of this study is to determine the relationship between
enterococci and rainfall in Sutherland Shire catchments, in order to predict the
occurrence of elevated faecal contamination in recreational waters, and thus
reduce human exposure to contaminated water.
The objectives required to address this aim include:


Select sites for study based on water contamination history and
popularity for recreational use.



Synthesise water quality data from Sutherland Shire Council and
Beachwatch records, and rainfall data from Bureau of Meteorology
(BOM) records.



Conduct a quality control assessment to ensure data reliability.



Conduct Grubb’s Test to identify the presence of outliers in data.



Identify the relationship between enterococci and rainfall through
application of multiple linear regression analysis.
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Discuss results of the analysis for two sites with respect to relevant
studies.



Draw suitable conclusions from the findings of this study and
recommend focus for future research.

1.2

Structure of study

Directly following this chapter, a comprehensive literature review outlines the
global issue of water contamination and the need for water quality monitoring,
with focus on the use of enterococci as a microbial indicator for faecal
contamination. An extensive overview of the Sutherland Shire area is
provided in Chapter 3, including site-specific descriptions for each water
quality monitoring site selected for this study. The methods used to achieve
the aims of this study are also explained, with focus on data collection,
sample collection and laboratory analysis. Chapter 4 presents the results of
this study, and discusses the findings with comparison to relevant research.
The conclusions of this study are provided in the final chapter, in addition to
recommendations for future research and management of recreational
waterways.
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CHAPTER 2

REVIEW OF LITERATURE

This chapter reviews relevant literature for this study. Section 2.1 examines
the global issue of water contamination, with focus on the nature of pollutants,
particularly of faecal origin, and their sources. The section also outlines the
process of flushing within an estuary and the use of microbial indicators for
water quality monitoring. Enterococci as an indicator for faecal contamination
of a waterway is discussed in detail throughout Section 2.2, with reference to
the relationship between enterococci and rainfall. Section 2.3 examines the
use of water quality guidelines in Australia and provides an outline of each of
the parameters used to monitor and assess recreational water quality. A
description of Beachwatch Programs NSW is also provided in Section 2.3.
Lastly, a number of research projects related to this study are summarised in
Section 2.4.

2.1
2.1.1

Water contamination
Overview

Globally, the decrease in quality of aquatic ecosystems tends to correlate with
an increase in associated human activities (ANZECC, 2000). In particular, the
contamination of surface and groundwater, estuarine and marine waters by
faecal matter has become a widespread problem, predominantly in or
adjacent to urban areas. This is due in most part to the effect of urban
development on the hydrology of a catchment, most significantly through
increasing the volume of stormwater runoff in the catchment region
(Engineers Australia, 2006), as discussed in Section 2.1.3. A secondary issue
is the quality of maintenance of urban sewage and septic systems, as poor
maintenance can lead to leaks, overflows and unwanted discharges of
pollutants into adjacent waters. The level of contamination is often greatest
after a rainfall event, as sewage may enter stormwater systems and be
discharged into recreational waterways (Hose et al., 2005). Stormwater runoff
and sewer overflows as sources of faecal pollution in recreational waterways
are discussed further in Sections 2.1.3 and 2.1.4, respectively.
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Faecal matters include pathogenic and enteric microorganisms, as well as
growth hormones and antibiotics (Harwood et al., 2000). Recreational waters
typically contain a mixture of faecally-derived pathogenic microorganisms
(e.g., Cryptosporidium) and non-pathogenic faecal indicator microorganisms
(e.g., enterococci) (NHMRC, 2008). Although there is no information linking
faecal contamination with environmental impacts on aquatic ecosystems
(DECC, 2009), the risk of pathogens to human health is more substantial.
Microorganisms in faecal matter pose great concern as they have the
potential to continuously increase in number and diversity in the environment
(Cabelli, 1989). A significant range of infectious diseases can be contracted
as a result of contact with a waterway contaminated with faecal matter
(Lavender & Kinzelman, 2009; Cabelli, 1989). For example, contact with a
water body containing Escherichia coli (E. coli), a bacteria commonly found in
faecal matter (see Section 2.1.5), could possibly result in gastroenteritis or
hemolytic uremic syndrome (Bitton, 2011). It is for these reasons that water
quality should be monitored regularly, and the results analysed, interpreted,
reported and acted upon accordingly (ANZECC, 2000). This process is
essential for the effective management of waterways, with the aim to reduce,
eliminate or prevent water contamination by faecal matter and other forms of
water pollution, including contamination by chemicals, nutrients and
suspended particles (DSEWPC, 2009).
At the local level, water contamination can prove to be a major issue. Local
councils are required to develop management plans to identify issues and
improve the health and quality of the waterways in question (Sutherland Shire
Council, 2012b). The Sutherland Shire Council, for example, has implemented
catchment specific Stormwater Management Plans (SMP) for a number of
waterways within the Sutherland local government area, including Bundeena
Creek and Yowie Bay. The council encourages public involvement to help
evaluate potential areas of concern for residents, and educate the community
on preventing pollution from entering waterways, including programs such as
Streamwatch, Enviroworks and Green Street (OEH, 2012).
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The extent of contamination of a water body is determined through collection,
microbiological and chemical analysis and interpretation of a number of water
quality parameters, including temperature, pH, turbidity, dissolved oxygen
(DO), total nitrogen (TN) and electrical conductivity (EC), each of which are
outlined in Section 2.3.1. Microbial indicators as parameters to determine the
microbiological quality of a water body are discussed in Section 2.1.5. The
results of laboratory tests are compared to values provided in relevant water
quality guidelines, such as the Australian Guidelines for Water Quality
Monitoring and Reporting (2000), developed by the Australian and New
Zealand Environment and Conservation Council (ANZECC). A summary of
the guidelines used in this study is presented in Section 2.3.2. Recreational
water bodies are evaluated for water quality based on their suitability for
primary contact (i.e., activities in direct contact with water, including swimming,
surfing and water skiing, where there is a risk of swallowing water) or
secondary contact (i.e., activities such as boating, fishing, paddling and
wading, where there may be direct contact but a limited risk of swallowing
water). Different water quality guidelines apply for each of these categories,
as outlined in Section 2.3.2.

2.1.2

Flushing within a catchment

The dilution and removal of pollutants within a catchment by the exchange of
tidal waters can reduce the effect of contaminants, such as faecal bacteria, in
recreational waterways (Burhans & Nuzzi, 1997; Knowles, 1996). However,
the time taken for ocean and estuarine waters to interchange can vary
throughout an estuary, as water near the mouth will be flushed every tidal
cycle, but the extent of flushing will be limited in waters further from the mouth
(Hose et al., 2005). As a consequence, the process may take up to several
weeks to occur (Knowles, 1996). Thus, flushing should not be relied upon to
effectively remove or dilute pollutants entering a catchment, particularly one in
which popular recreational areas are located.
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2.1.3

Stormwater and urban runoff

Stormwater runoff provides a transport mechanism for pollutants (Engineers
Australia, 2006). As water flows over a surface, pollutants are mobilised and
transferred into receiving waters, resulting in a decline in water quality (Dale &
Stidson, 2009). Pollutant loads tend to vary with season, time between storm
events, storm intensity and storm duration (Knowles, 1996). Infrequent storm
activity allows for the build-up of pollutants on urban surfaces, and pollutant
concentrations are likely to be greatest during the initial stages of runoff, thus
early stages of runoff after a dry period tend to contain high concentrations of
contaminants (SPCC, 1979). Studies have shown that stormwater runoff is
often greatest during intense thunderstorms and longer duration rainfall
events (Gray & Becker, 2002). However, the contamination of recreational
waterways is potentially of the greatest concern after short duration storm
events, as subsequent runoff is not available to dilute pollutants mobilised by
the first flush effect (Engineers Australia, 2006).
The nature and concentration of pollutants transported by stormwater is a
function of land use in the catchment (SPCC, 1989). Urbanisation has a
profound influence on the quality and quantity of stormwater runoff (Engineers
Australia, 2006; Goonetilleke et al., 2005; Gray & Becker, 2002; Hoffman,
1995), as the development of an area results in changes to drainage patterns
(Knowles, 1996), due to a larger number of impermeable surfaces, allowing
minimal infiltration. This, in turn, creates a greater volume of stormwater runoff
flowing at higher velocities than in undeveloped regions (Engineers Australia,
2006). Thus, runoff from urban areas typically contains high pollutant loads,
which

are

then

transported

to

receiving

waterways.

Urban

runoff,

contaminated with sewage overflows (see Section 2.1.4) and animal faeces,
has previously been considered as the most significant source of diffuse
pollution (i.e., pollutants arising from a multitude of diverse land use activities
across a catchment, rather than from a discrete point source (DECC, 2009))
in the southern Sydney region (Knowles, 1996), and can result in a decline in
water quality for a number of weeks following storm events (Shehane et al.,
2005).
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2.1.4

Sewer overflows, surcharges and leaks

Sewerage systems are designed to accommodate large dry weather flows,
but their capacity has occasionally proven to be exceeded during conditions of
high flow (EPA, 2003). Pressure can build in the system due to a number of
reasons, including blocked, broken or cracked pipes, failure of pumping
stations, or rainfall infiltrating into sewers (Sydney Water, 2012b). Sewer
overflow points have been deliberately located throughout sewerage systems
to relieve pressure in the system, by allowing excess raw or partially treated
sewerage to discharge to the environment at a planned location (usually the
nearest natural waterway or stormwater drain) (EPA, 2003). Emergency
sewage overflows at these locations are designed to protect public health by
preventing uncontrolled overflows from manholes, toilets or other potential
discharge points (Knowles, 1996). However, discharges from the sewer may
contain nutrients, suspended solids and pathogens, such as those found in
faecal matter, and thus can potentially pose significant health risks to humans
(Bilotta & Brazier, 2008; Gray & Becker, 2002). The types of pathogens in
sewage will differ depending on the incidence of disease in adjacent human
populations and the seasonality of contamination (Cabelli, 1989). Therefore,
pathogen numbers may also vary significantly across different areas and
times of year (NHMRC, 2008).
Extensive upgrades to the Cronulla Sewage Treatment Plant (STP) from
primary to tertiary treatment in 2001 resulted in significant reductions in
overflows and leaks from wastewater and stormwater systems throughout the
Sutherland Shire (Sydney Water, 2012a), while the SewerFix program
undertaken in the area by Sydney Water between 2007 and 2008 has
improved the performance of the entire sewerage network. The program
aimed to reduce the frequency of sewage overflows, increase the efficiency of
sewer mains and upgrade sewage pumping stations to protect public health
(OEH, 2012). The program also resulted in an extension of the sewerage
system to Bundeena, reducing the need for septic tanks in the area and thus
increasing the water quality in the region (Sydney Water, 2012a).
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2.1.5

Microbial indicators of water contamination

There are a diverse range of pathogens present in recreational waterways,
each influenced by human and animal populations, wastewater characteristics
and the efficiency of sewerage systems (Beachwatch, 2009). However, due to
the technical difficulties involved in the direct monitoring of these bacterial
pathogens, the use of faecal indicators for water quality monitoring was
established (Yan & Sadowsky, 2007). In addition, pathogens in sewage are
generally present in lower numbers than microbial indicators, and require
more complex analytical procedures for their detection (Bitton, 2005). Culturebased microbiological techniques have made it possible to detect indicator
bacteria in recreational waterways (Tandon et al., 2007). Therefore, indicator
organisms are used to test for faecal contamination as they are easily
detectable by simple laboratory tests, they are generally not present in
uncontaminated waters and the results of chemical and biological analyses
are available relatively quickly (Beachwatch, 2012).
Faecal microbial indicators are organisms that indicate the possible presence
of pathogenic bacteria, viruses and protozoans in water bodies; thus an
elevated occurrence of these organisms suggests potential health risks for
human contact (Beachwatch 2009; Wade et al., 2006; WHO, 2001). However,
faecal bacteria are generally not themselves harmful (US EPA, 2012; Fisher &
Phillips, 2009). The most commonly tested faecal microbial indicators are total
coliforms, faecal coliforms, and faecal streptococci (Bitton, 2005).
Faecal coliforms, or thermotolerant coliforms, are strongly associated with
faecal matter and, therefore, were used widely as indicators of recent faecal
contamination until recently (US EPA, 2012; Beachwatch 2009; NHMRC,
2008). Faecal coliforms exhibit a survival pattern similar to bacterial
pathogens, but their use as indicators of viral or protozoan contamination has
proven limited (Bitton, 2005). In addition, faecal coliforms are unreliable
indicators of aged faecal contamination, because of their short survival times
in marine waters (Beachwatch, 2009), and therefore have been recently
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replaced as the primary indicator for contamination of recreational waterways
(NHMRC, 2008).
Total coliforms are a group of bacteria that are widespread in nature and
discharged heavily in human and animal faeces; however not all coliforms in
this group are of faecal origin (Bitton, 2005). Total coliforms include E. coli,
Enterobacter and Citrobacter (US EPA, 2012). Total coliforms are no longer
recommended as an indicator for faecal contamination in recreational
waterways (NHMRC, 2008), but they are still in use as primary indicators of
potable water contamination (ANZECC, 2000).
Faecal streptococci commonly inhabit the intestinal tract of humans and other
endothermic animals, and are used to detect faecal contamination in water
(US EPA, 2012; NHMRC, 2008; Bitton, 2005; SPCC, 1979). The faecal
streptococci group comprises Streptococcus faecalis (S. faecalis), S. equinus,
S. avium and S. bovis (Bitton, 2005). Members of this group tend to survive
longer than other bacterial indicators, but do not reproduce in the environment
(US EPA, 2012).
Enterococci are a subgroup of the faecal streptococci group (Beachwatch,
2009; Bitton, 2005). They are commonly used as indicator bacteria for faecal
contamination in marine waterways due to their ability to mimic many
pathogens that pose significant risks to human health (US EPA, 2012). In
contrast to faecal coliforms, enterococci have the ability to survive for longer
periods in salt water and are thus good indicators of the presence of aged
faecal contamination in recreational water bodies (Beachwatch, 2009). A
description of the characteristics of enterococci, their presence in the
environment and their use as a microbial indicator is detailed in Section 2.2.
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2.2

Enterococci

2.2.1

Characteristics of enterococci

The genus Enterococcus falls under the bacterial division Fermicutes, class
Bacilli, order Lactobacillales and family Enterococcaceae (Fisher & Phillips,
2009). They are gram-positive cocci that usually occur in pairs, known for their
high resistance to antibiotics, capability of cellular respiration in both aerobic
and anaerobic environments and ability to grow at 6.5 % NaCl (Bitton, 2005).
Enterococci are tolerant of a wide range of environmental conditions,
including extreme temperatures (10 - 45 °C) and pH (4.5 – 9.6) (APHA, 1998),
which enables them to colonise a wide range of niches (Fisher & Phillips,
2009). These characteristics allow enterococci to be easily detected in marine
waters. However, a number of factors influence the rate of decay of
enterococci in marine environments (see Section 2.2.2), as well as their
removal from a water body by sedimentation and flushing (see Section 2.1.2).

2.2.2

Occurrence and diversity of enterococci in the environment

A number of potential point and diffuse sources of enterococci to waterways
include industrial effluents, runoff from forest and undeveloped areas,
agricultural runoff, urban stormwater runoff, septic tank effluents, treated
discharges from STPs, and diluted raw sewage from STP bypasses or
emergency sewage overflows (Hill et al., 2006; SPCC, 1979). Consequently,
levels of enterococci in urban waterways can be highly variable (Engineers
Australia, 2006), ranging from zero to several thousand enterococci
organisms units per millimetre of water for a single site (Beachwatch, 2011).
Studies have tried to determine the survival period of enterococci in aquatic
environments (e.g., Anderson et al., 2005; Roszak &Colwell, 1987; Fujioka et
al., 1981), whilst environmental, spatial and temporal factors are proven to
have a significant influence on changes in enterococci concentrations. The
US EPA (2005) study suggested that enterococci levels denature more rapidly
when exposed to sunlight, in comparison to overcast conditions, and a
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relationship between time of day and indicator levels was also established, as
enterococci levels were found to decrease with time. Fujioka et al. (1981) also
highlights the relationship between enterococci denaturation and light, stating
that 90% of enterococci exposed to sunlight become inactivated within 60 to
180 minutes (although this process was found to occur only in marine
environments). Salinity and adsorption by suspended particulate material are
also factors that have been identified in a number of studies as influencing the
rate of decay of enterococci in marine waters (e.g. Anderson et al., 2005;
Fujioka et al., 1981).

2.2.3 Enterococci as a pathogen
As stated in Section 2.1.5, the occurrence of enterococci in the environment
can indicate the potential presence of faecal pathogens in a water body.
However, enterococci are now acknowledged as capable of causing clinical
infections in humans, such as urinary tract infections and meningitis
(Tendolkar et al., 2003). The genus Enterococcus includes more than 17
species, not all of which are non-pathogenic (Bitton, 2011). A few species are
known to be pathogenic, including E. faecalis and E. faecium, and have
proven to have both intrinsic and acquired resistance to antibiotics (Fisher &
Phillips, 2009), thus the treatment of many enterococci-associated infections
can be difficult. Nevertheless, enterococci are used as the primary microbial
indicator for faecal contamination of recreational waterways (as discussed in
Section 2.2.4) due to their non-pathogenic nature for infections caused by
faecal-related contamination (US EPA, 2012).

2.2.4

Enterococci as a microbial indicator

The NHMRC Guidelines for Managing Risks in Recreational Water (2008)
advocate the use of enterococci as the single, preferred microbial indicator for
the detection of faecal contamination in recreational waters, in accordance
with the World Health Organisation (WHO) Water Quality Guidelines (2001).
In contrast to faecal coliforms, faecal enterococci are believed to provide a
higher correlation with the numerous human pathogens commonly found in
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sewage (Jin et al., 2004), and do not die off as rapidly in marine waters
(Wheeler et al., 2002; Davies-Colley et al., 1994). Thus, the NHMRC
Guidelines (2008) do not advocate the use of faecal coliforms as a bacterial
indicator for recreational waters.
The presence of faecal enterococci in a water sample is determined through
laboratory analysis and measured in colony forming units per 100 millilitres
(cfu/100 mL) of water (Beachwatch, 2009). Section 3.5 provides a detailed
description of the laboratory methods undertaken to analyse enterococci
levels in water bodies used in this study.

2.2.5

The relationship between enterococci and rainfall

Rainfall has repeatedly been identified as a significant determinant of faecal
bacteria occurrence in recreational waters (Zhang et al., 2012; Beachwatch,
2011; Cho et al., 2010; Hill et al., 2006; Godfrey et al., 2005; Hose et al.,
2005). This is due to the transport of pollutants into receiving waterways with
increased urban runoff (see Section 2.1.3) and increases in the likelihood of
sewage overflows with elevated rainfall. The rate of urban runoff in a
catchment is dependent upon three variables: rainfall intensity, percent runoff
from the catchment and the efficiency of the drainage system to transport
pathogens into receiving waters (Beale, 1992). Jeng et al. (2005) state that
stormwater runoff is a significant contributor to increases in concentrations of
enterococci in estuarine sediments. This is reaffirmed by Ferguson et al.
(2005), who draw the same conclusion for enterococci concentrations in
estuarine waters. The study also confirms the relationship between rainfall
and enterococci, stating that water quality was affected by rainfall, most
particularly due to sewage overflows, and also associated with significant
increases in the concentrations of faecal indicators.
A relationship between enterococci and rainfall was also established by the
US EPA (2005), but it was found to be complicated. For some beaches, there
was no apparent effect of rainfall on enterococci unless precipitation over the
past days was considered, in contrast to others, where rainfall in the
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preceding 24 hours was sufficient. Likewise, Hose et al. (2005) concluded that
rainfall alone varied in its ability to predict concentrations of bacterial
indicators. Both studies are discussed in detail in Section 2.4.
After rainfall, enterococci levels return to background levels within a few days,
but the absence of flushing or sufficient dilution could result in a prolonged
period of contamination concern (Engineers Australia, 2006; Knowles 1996). It
is for this reason that the use of recreational water bodies is not advised until
at least 48 hours after a rainfall event (Beachwatch, 2009).

2.3

Water quality monitoring

Water quality monitoring programs are designed to help protect waterways
from pollution, thus improving or maintaining the health of aquatic ecosystems
and reducing the risk of contaminated water bodies to human health (NHMRC,
2008). The parameters for testing recreational water quality are explained in
this section, in addition to a description of water quality guidelines used in
Australia. An outline of the Beachwatch Programs water quality monitoring
program for NSW beaches is also provided.

2.3.1

Parameters for water quality

To effectively assess the quality of recreational waters, a number of physical
water parameters are usually measured (Lavender & Kinzelman, 2009;
DSEWPC, 2008; ANZECC, 2000). These include temperature, turbidity,
dissolved oxygen (DO), total nitrogen (TN), electrical conductivity (EC) and pH.
The collection of information from these parameters is important as many of
them influence the concentration of faecal matter in a water body (DSEWPC,
2008). An explanation of each of the parameters listed above is offered in this
section. A description of the use of enterococci as an indicator for faecal
contamination was provided in Section 2.2.4.
A range of other parameters not outlined in this section can also be required
to assess water quality, including total phosphorus content and trace metal
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concentrations. However, they have not been necessary to test for this study.
Definitions and characteristics of such parameters can be found in the
Australian Guidelines for Water Quality Monitoring and Reporting (ANZECC,
2000).

2.3.1.1

Temperature

The temperature of water influences the concentration of oxygen in a water
body (ANZECC, 2000). High temperatures reduce the solubility of oxygen,
and therefore decrease the amount of oxygen able to be dissolved in water.
This can result in the water becoming deoxygenated, leading to a number of
environmental impacts, including a reduction in the presence of organisms
requiring oxygen for survival, and a potential increase in number of anaerobic
organisms. This, in turn, increases the biological oxygen demand (BOD) of
the waterway (see APHA, 1998).

2.3.1.2

Turbidity

Turbidity is physical water parameter used to indicate the suspended particle
load, or suspended solids (SS), in a water body. It is determined by
measuring the extent of light penetration through the water (ANZECC, 2000).
Generally, urban environments experience more frequent events of high
turbidity than water bodies in rural areas (EA, 2006). This phenomenon is due
to the greater amount of runoff from impervious surfaces in urban areas,
resulting in the development of more turbulent stormwater flow, as described
in Section 2.1.3. In turn, the flow has a greater ability suspend more fine
particles. Turbidity can be measured using a Secchi disk, turbidity tube, or
turbidity meter (as per this investigation). Details of these techniques are
available in the Standard Methods for the Examination of Water and
Wastewater (APHA, 1998).
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2.3.1.3

Dissolved oxygen (DO)

DO is a measure of the concentration of oxygen present in a water body, and
is vital to maintain efficient ecosystem function (Environment Australia, 2002a).
The concentration of DO is an important indicator for the health of an aquatic
ecosystem, as it is required for respiration and a number of chemical
reactions. The value for DO can fluctuate diurnally, depending on the
photosynthetic activity of the plants present, and the temperature of the water
body (ANZECC, 2000). Warm or saline waters do not contain as much DO as
cold water or freshwater and shallow flowing waters usually have a high
concentration of DO in comparison to still waters, in which DO concentrations
vary from the surface to the bed (Environment Australia, 2002a).
DO meters are electronic analytical instruments used to measure the amount
of oxygen dissolved in water. DO values are reported as either concentrations
(mg/L) or as percent saturation, which is calculated from the actual value and
the ‘theoretical’ concentration for the prevailing temperature and salinity
conditions. Typical DO values range from 0 – 10 mg/L or 0 – 120 % (ANZECC,
2000).

2.3.1.4

Electrical conductivity (EC)

Salt water is a better conductor of electricity than fresh water (Environment
Australia, 2002b), due to the presence of ions in salt water, such as chloride
and sulfate. EC is therefore used as an indicator for measuring the salinity of
a waterway. Salinity can be influenced by a number of factors, including
geology, land use and runoff, and is measured by a conductivity meter in a
number of units, the most common being microSiemens per centimetre
(µm/cm) (ANZECC, 2000). One effect of salinity is that it appears to
accelerate the inactivation of faecal coliforms by sunlight in marine
environments (Cho et al., 2010; Fujioka et al., 1981), and thus coliforms are
significantly less persistent in salt water than enterococci (Engineers Australia,
2006).
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2.3.1.5

pH

The pH of a water body describes its degree of acidity or alkalinity. Water
quality is highly dependent on pH as most organisms can survive only in a
small optimum pH range (e.g., 7.35 – 7.45 for human blood), outside of which
toxicity levels in a waterway may increase and a number of chemical
reactions may be triggered, such as enzyme denaturation. The pH of a water
system can change throughout the course of a day, and can be affected by
rainfall, the source of water, salinity, temperature and photosynthesis and
respiration (DSEWPC, 2012). pH is measured using a pH meter, displaying
the results in pH units. Typically, natural waters have pH ranges of 5.5 – 8.5
(ANZECC, 2000).

2.3.2 The Australian water quality monitoring guidelines
Water quality monitoring is necessary to detect contamination and help
control pollution, whilst also reinforcing environmental protection policies and
programs, both locally and nationally (ANZECC, 2000). In addition, monitoring
is essential for the development of water quality standards and guidelines,
against which data collected from monitoring can be assessed (Engineers
Australia, 2006). Water quality monitoring is vital to identify potential risks to
human health, including the presence of pathogens, and determine if levels
are acceptable for contact with recreational waterways (DSEWPC, 2012).
The purpose of establishing water quality guidelines is to protect and improve
the quality and health of water resources worldwide (NMRHC, 2008). The
Australian Guidelines for Water Quality Monitoring and Reporting (the
Monitoring Guidelines) is a benchmark document of the National Water
Quality Management Strategy (NWQMS), developed by the Australian and
New Zealand Environment and Conservation Council (ANZECC) and the
Agriculture and Resource Management Council of Australia and New Zealand
(ARMCANZ). The NWQMS consists of policies, processes and guidelines,
and states its policy objective to be:
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… to achieve sustainable use of the nation’s water resources by
protecting and enhancing their quality while maintaining economic and
social development (DSEWPC, 2012).

The Monitoring Guidelines provide a framework and guidance for the
monitoring and reporting of fresh and marine waters and groundwater quality
(ANZECC, 2000), but the document does not provide information on drinking
water, wastewater and effluents, as these topics are covered in separate
NWQMS guidelines. All aspects of a successful monitoring program are
outlined in the Monitoring Guidelines, including information on setting
objectives, designing an effective sampling program, suitable laboratory
analyses, selecting data analyses, and reporting results and conclusions. New
guidelines for recreational water quality were officially released by NHMRC in
February 2008 to replace the 2001 guidelines (NHMRC, 2008). The
guidelines incorporate many of the most recent recommendations of the
World Health Organisation’s guidelines for recreational waters (WHO, 2003).
For this study, the contamination of water bodies by faecal matter is under
investigation, and therefore the guidelines for bacterial characteristics are
most relevant. ANZECC (2000) recommends using enterococci as an
indicator bacteria to measure recreational water quality, because they indicate
the possible presence of waterborne pathogens that pose the most significant
risks to human health (Alexander, 2007). Section 5.2.3 of the Monitoring
Guidelines gives the detailed water quality guideline values for microbiological
characteristics of recreational waters (ANZECC, 2000). The document states
that for primary contact:
The median bacterial content in samples of fresh or marine waters
taken over the bathing season should not exceed 35 enterococci
organisms/100 mL (maximum number in any one sample: 60 – 100
mL).
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The Guidelines then state that for secondary contact:
The median bacterial contact in fresh and marine waters should not
exceed 230 enterococci organisms/100 mL (maximum number in any
one sample: 450 – 700 mL).

It is not the purpose of this study to assess the compliance of sites with water
quality guidelines (for this see Beachwatch, 2011), but the results provided in
Section 4 give an indication of recreational water quality in the Sutherland
Shire in relation to these guidelines.

2.3.3

Beachwatch Programs

Beachwatch Programs NSW was established in 1989 as a state government
program initiative to provide regular information to the public concerning water
quality at Sydney’s ocean beaches (Beachwatch, 2011). The program was
extended in 1994 to incorporate recreational waters around Sydney Harbour,
and again in 1996 to include the Hunter and Illawarra regions (Beachwatch,
2009). The objectives of Beachwatch Programs include providing the public
with pollution assessments at major recreational areas, providing regular
information to the public on the impact of pollution in these areas and
improving

monitoring

and

reporting

techniques

in

accordance

with

technological advances (Alexander, 2007). The monitoring and reporting of
bacterial levels for recreational water bodies provides the public with sufficient
information to make informed decisions about use of the waterways, as well
as allowing temporal trends in water quality to be identified. Beachwatch
Programs NSW utilise the ANZECC Guidelines (2000) (see Section 2.3.2) for
assessing recreational water quality.

2.4

Related studies

A number of studies have been undertaken to determine the relationship
between indicator bacteria organisms and rainfall, most of which establish a
positive correlation between the two variables. An outline of three separate
research projects, of relevance to this study, is provided in this section.
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2.4.1

Sydney Harbour estuary

A study prepared by Hose et al. (2005) involved the use of multiple regression
analyses to determine the presence of spatial and rainfall related patterns of
bacterial contamination in Sydney Harbour estuary, using data collected
between 1996 and 2002. The study aimed to first identify spatial patterns in
faecal coliform (see Section 2.1.5) and enterococci densities, before
attempting to determine the relationship between catchment rainfall and
bacterial densities in the estuary.
Sites

throughout

the

catchment

were

separated

using

non-metric

multidimensional scaling (MDS) and sorted into groups based on the spatial
patterns reflected by the geography of Sydney Harbour. Hose et al. found that
sites located closest to the mouth of the harbour generally had lower
frequencies of high bacterial densities that exceeded the median water quality
guidelines, in comparison to sites located further from the harbour mouth. This
was attributed to the occurrence of greater tidal flushing at sites closest to the
mouth of the estuary.
For improved statistical analysis, the Bray-Curtis similarity coefficient was
used in conjunction with MDS to weight the analyses towards bacterial counts
greater than zero. This therefore increased the importance of elevated
bacterial densities in shaping spatial patterns. In addition, bacterial densities
were square root transformed prior to analysis to down weigh the importance
of extremely high bacterial densities. Bacterial sampling times were treated as
variables to ensure the analysis reflected the similarity of bacterial levels
among sites on each sampling occasion (i.e., temporal patterns).
Rainfall estimates were obtained for time intervals in the 24, 48, 72, 96, 120
and 144 hours prior to bacterial sampling by averaging the rainfall values from
a network of 39 gauges spread across the catchment. Rainfall at each
antecedent time period was weighted based on multiple regression
coefficients. Patterns of bacterial concentrations and rainfall for each sub-
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catchment were then investigated by plotting indicator concentrations against
cumulative rainfall.
The study by Hose et al. (2005) found that within each spatial group, multiple
regression analyses indicated rainfall accounted for between 15 and 66 % of
the variability in the bacterial densities. Variation in indicator bacterial
densities explained by rainfall was lower for sites located close to the harbour
mouth where tidal flushing is greatest. Therefore, the study concluded that
simple rainfall-based regression models are appropriate for predicting
bacterial concentrations when flushing at sites is limited. The study suggests
the development of more complex models, incorporating a wide range of
environmental

variables,

to

improve

the

ability

to

predict

bacterial

concentrations at well-flushed sites, but conclude that even then, their
predictive ability may be limited.

2.4.2 Illawarra beaches
A study to assess water quality in the Illawarra, south coast region of NSW,
was developed by Alexander (2007) using data collected by NSW
Beachwatch Programs. The study incorporated the use of faecal coliforms
and enterococci to determine compliance of beaches in the Illawarra with
Beachwatch water quality criteria. A description of the Beachwatch program
was detailed in Section 2.3.3.
The study utilised enterococci and faecal coliform data, collected between
2003 and 2006, for 15 beaches in the Illawarra region. Daily rainfall was
measured as per the precipitation gauge located at Wollongong STP. Box and
whisker plots were created to present the data for each beach, showing the
distribution of enterococci values in comparison to 24 hour rainfall.
Results of the study indicated the presence of a positive correlation between
both enterococci and rainfall, and faecal coliforms and rainfall, for most
beaches, as significant increases in indicator bacteria levels tended to occur
with increased rainfall. Thus, rainfall was determined to have an important
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effect on indicator bacteria concentrations in ocean beaches, due to the
influence of flow rates in sewerage systems and stormwater drains, the extent
of development of the catchment and the condition of the sewerage system
with elevated rainfall volumes. Water quality of coastal lagoons and estuaries
was found to be largely determined by the level of urban and industrial
development of the catchment, as well as the frequency of tidal exchange.
The study concluded stormwater runoff from highly-developed catchments, in
addition to discharges from the sewerage system, are major contributors to
poor water quality. It was also established that the characteristics of a beach’s
location, including number and type of pollution sources, catchment
development and flushing rates, can be attributed to varied results for some
beaches. Results for the assessment of water quality for beaches in the
Sutherland Shire, as per the State of the Beaches 2010-2011 report published
by Beachwatch Programs (2011), are presented in Section 4.4.3.

2.4.3

US EPA project

Recreational water quality monitoring and assessment is a common practice
worldwide. A study on microbiological monitoring in recreational waters (2005)
was undertaken by the United States Environmental Protection Agency (US
EPA) to determine the factors that influence water quality and sources of
variation in data. The study also provides an approach to designing a beach
monitoring plan for local governments in the USA.
Nine samples were collected within the bathing areas of beaches across five
states in the US, including Massachusetts, Michigan, Indiana, California and
Maryland. Samples were collected at different depths, times and locations for
each beach to distinguish between potential variables that influence faecal
contamination in recreational waters. E. coli and enterococci organisms were
used as indicators of faecal contamination in fresh and marine water bodies,
respectively. Microbiological analysis was undertaken on the samples, and
other observations, including hourly and high and low water tidal data, were
recorded.
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The results of the US EPA (2005) analyses suggested a number of factors
potentially associated with the indicator density for each water sample. In
particular, spatial, temporal and environmental factors were identified as
correlates of microbial indicators in recreational waters. Indicator levels
tended to decrease with increasing distance from the shoreline, which
suggested the influence of dilution and flushing on pollutant concentrations. It
was also noted that indicator levels decreased with time and exposure to
sunlight, however increases in bacterial indicator densities occurred after
substantial rainfall. As stated in Section 2.2.5, this relationship was found to
be complicated. This study highlighted the importance of recording temporal,
spatial and environmental factors when monitoring water quality in
recreational areas, as each have an influence on the presence of bacterial
indicators in water bodies.

Overall, there is a general consensus that bacterial indicator concentrations in
recreational water bodies are influenced by rainfall in the adjacent catchments,
but relationships between these parameters are often complex. The following
chapter describes the methods used in this study.
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CHAPTER 3

MATERIALS AND METHODS

This chapter outlines the materials and methods used in this study. A general
description of the location for this study is included in Section 3.1 and a
detailed description of each of the individual monitoring sites is provided in
Section 3.2. Methods of data collection, sample collection and laboratory
analysis are summarised in Sections 3.3, 3.4 and 3.5, respectively. The
method for quality control analysis, undertaken to assess the reliability of
laboratory results, is outlined in Section 3.6.

3.1

Study location

The Sutherland Shire is located at the southern coastal border of the Sydney
metropolitan area in NSW, approximately 26 km south of the Sydney CBD
(Sutherland Shire Council, 2012a). It encompasses a total land area of almost
370 km2, bounded by the Georges River in the north, the Wollongong
metropolitan area and the Royal National Park in the south, Woronora Dam
and Campbelltown in the west, and the Pacific Ocean in the east. As of June
2010, the estimated resident population of the Sutherland Shire was 220,798
(Sutherland Shire Council, 2012c). Although predominately a residential area,
the Sutherland Shire also comprises of significant industrial, rural and
commercial areas, as well as natural areas such as bushland, waterways and
beaches (Knowles, 1996).
The topography of the Sutherland Shire differs throughout the region, most
particularly from east to west. The eastern border of the Shire varies
topographically from rugged sea cliffs to sandy beaches, with a number of
swampy bay coasts backed by sand dunes. Whereas the surface of the
western region consists mostly of a broad, sloping plateau that rises gently to
the south-west, and is cut into by a number of deep river gorges (Sutherland
Shire Council, 2012c). Outcrops of rock can be found throughout the region,
including the Hawkesbury Sandstone, Narrabeen Group, Ashfield Shale and
Illawarra Coal Measures (Knowles, 1996).

Figure 3.1 – Map showing the location of each site monitored for this study in relation to their location within Sutherland Shire catchments.
Both Sutherland Shire Council and Beachwatch Programs water quality monitoring sites are indicated.
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The Sutherland Shire is considered to have a warm temperate climate that
varies seasonally. Data collected for the area by BOM spans from 1939 to
present, with the mean lowest temperature occurring in July around 17°C and
the mean highest temperature recorded in January at 26.5°C (BOM, 2012). In
terms of precipitation, records can be acquired for Cronulla from 1934 up until
present, with the mean maximum monthly precipitation occurring in June
(142.8 mm), and a mean minimum monthly precipitation occurring in
September (62.2 mm). The average annual rainfall value recorded for the
Sutherland Shire is 1221.6 mm (BOM, 2012). The variability of rainfall
throughout the Sutherland Shire is examined in Section 4.2. There is no direct
discharge of sewage effluent into Sutherland Shire waterways, but sewer
blockages, overflows and leakages with elevated rainfall levels can result in
the diversion of sewage into the stormwater system (Knowles, 1996).
As shown by Figure 3.1, the study area spreads throughout three subcatchments of the Sydney Metropolitan Catchment Management Authority
area: the Port Hacking Catchment, the Hacking River Catchment and the
Pacific Ocean Catchment (SMCMA, 2012; Sutherland Shire Council, 2011b).
The sites selected for water quality monitoring in this study include North
Cronulla Beach, Cronulla Beach, Gunnamatta Bay, Kareena Creek,
Bundeena Creek, Horderns Beach, Jibbon Beach and Kangaroo Creek. A
detailed description of each site is provided in Section 3.2.

3.2

Site descriptions

The following sections provide a description of the eight sites selected for this
study, including their location within the catchment, land use characteristics,
potential contamination sources and reason for selection.

3.2.1 North Cronulla Beach
North Cronulla Beach is an ocean beach within the Pacific Ocean Catchment
that forms part of the 1.5 km stretch of beach along Bate Bay (see Figure 3.1).
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The beach borders a highly urbanised area, and thus has been modified over
time to reduce the impact of erosion on the adjacent development.
Potential source of water contamination for North Cronulla Beach include
urban runoff, which discharges to the beach via an open drain, and the
tertiary-treated disinfected effluent discharged by Cronulla STP, via the cliffface outfall at Potter Point to the north, during bypasses and overflow
conditions. However, water quality has improved since major upgrades to the
STP in 2001 (Sydney Water, 2012a).
Sample data used for this study were sourced from two separate locations at
North Cronulla Beach. Sutherland Shire Council samples were collected at a
stormwater outlet adjoining the beach (see Figure 3.2), whilst Beachwatch
sampling was conducted in the wave zone within the patrolled area of the
beach. The location of both sites is evident from Figure 3.3.
The beach is popular for recreational use all year round and has therefore
been selected as a water quality monitoring site for this study.

Figure 3.2 – North Cronulla stormwater outlet, located 20 m south of North Cronulla
Beach. Stormwater drains from the adjacent urbanised area.
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Figure 3.3 – Map showing Sutherland Shire Council and Beachwatch site locations for North
Cronulla Beach, South Cronulla Beach and Gunnamatta Bay. The positions of drainage
pipes and drainage pits within sub-catchments are included.
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3.2.2 South Cronulla Beach
South Cronulla Beach is also a wave-dominated beach in the Pacific Ocean
Catchment. Located at the southern end of Bate Bay, the beach stretches 300
m along eastern border of the Sutherland Shire (see Figure 3.3). It is
sheltered from most southerly swells due to its adjoining headland.
Water quality at South Cronulla Beach has improved significantly, following
the upgrade of Cronulla STP in 2001 (Sydney Water, 2012a). Since then, only
small variations in water quality have been observed (Beachwatch, 2011).
However, there are still a number of potential local sources of faecal
contamination for South Cronulla Beach, including river discharge, toilet
facilities and bathers (OEH, 2011). The beach is subject to stormwater runoff
from the adjacent parkland and surrounding urbanised area, which could also
contribute to water quality decline. Stormwater discharges through an outlet
into Bate Bay at the southern end of South Cronulla Beach, with the drainage
pipe extending approximately 20 m out from the shoreline (as shown in Figure
3.4).

Figure 3.4 – South Cronulla Beach stormwater outlet. Samples are collected at this site
by Sutherland Shire Council for water quality monitoring.

Water quality monitoring samples are collected by Sutherland Shire Council
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from the stormwater outlet, whereas Beachwatch samples are collected in the
wave zone for South Cronulla Beach (see Figure 3.3).
Similar to North Cronulla Beach, South Cronulla Beach is a popular
recreational destination for the public, and has thus been selected for this
study.

3.2.3 Gunnamatta Bay
Gunnamatta Bay is located within the Port Hacking Catchment, as shown by
Figure 3.3. The land use in the Gunnamatta Bay sub-catchment is
predominantly residential and commercial, with stormwater runoff from
adjacent parkland and urban development. Gunnamatta Bay is utilised as a
marina for private boat moorings and the operation of regular ferry services to
Bundeena and the National Park.

Figure 3.5 – Gunnamatta Bay, as viewed from Tonkin Park GPT outlet.

Consequently, pollution entering the waterway from these sources is deemed
likely. Other potential sources of water contamination identified for this area
include stormwater, river discharge, sewer chokes, sewage overflows, toilet
facilities and bathers (Beachwatch, 2011). Microbial water quality for
Gunnamatta Bay improved in 2001 as a result of sewage overflow
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remediation in the catchment and improved stormwater management (Sydney
Water, 2012a).
Sutherland Shire Council monitors water quality at the output of Tonkin Park
gross pollutant trap (GPT) (see Figure 3.5). In comparison, Beachwatch
monitors the quality of water at Gunnamatta Bay Baths, an enclosed tidal
swimming area in Gunnamatta Bay, due to the popularity of this site for both
primary and secondary contact recreational uses. Each of the site locations
are identified in Figure 3.3.
Gunnamatta Bay was selected for this study due to a history of water
contamination and the popularity of this site for recreational activities involving
both primary and secondary contact with water.

3.2.4 Kareena Creek
Kareena Creek is located in the Port Hacking Catchment (as shown by Figure
3.1) and runs from Sutherland Hospital, through the National Camellia
Gardens, to the receiving waters of Yowie Bay. Land use surrounding the
creek is primarily residential; therefore urban runoff has been identified as a
potential source of significant water contamination in the catchment.
Samples are collected by the Sutherland Shire Council at three separate
locations along the creek, as shown by Figure 3.6. These include (A) the
Winifred Avenue north intersection, (B) the President Avenue intersection and
(C) the Camellia Gardens bottom pond. Water quality monitoring is
undertaken at these sites to determine the potential presence of point sources
for contamination of the creek and assess the effectiveness of the stormwater
quality improvement device (SQID) (see Figure 3.6 (A)) and GPT (see Figure
3.6 (C)) constructed within the waterway.
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Figure 3.6 – Sutherland Shire Council sampling locations for Kareena Creek,
intersecting (A) Winifred Avenue north and (B) President Avenue, as well as the
sampling site for (C) Camellia Gardens bottom pond.

This site was selected for study as it has a history of poor water quality for
primary contact (Sutherland Shire Council, 2011a), particularly for the
Camellia Gardens bottom pond.

3.2.5 Bundeena Creek
Bundeena Creek is located on the southern shores of the Port Hacking
Catchment (see Figure 3.7) and can be classified as an estuary, due to the
mouth of the creek opening into Bundeena Bay, adjacent to Horderns Beach
(as shown in Figure 3.8 (D)). Low energy wind-generated wave and tidal
processes influence Bundeena Creek, and the mouth of the creek is often
closed as a consequence of the build-up of sand at its entrance.

Figure 3.7 – Map showing the location of Beachwatch and Sutherland Shire Council water quality monitoring sites in the Bundeena Area,
including Horderns Beach, Jibbon Beach and Bundeena Creek. The positions of drainage pipes and drainage pits within sub-catchments
are also shown.
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Figure 3.8 shows four sections of Bundeena Creek, progressing from (A) the
wetland area upstream, through residential areas at (B) and (C), to (D) the
entrance of the creek at Horderns Beach. Sampling by Sutherland Shire
Council is undertaken at three sites along the creek, as shown by Figure 3.7,
including intersections at (A) Liverpool Street, (B) Scarborough Street and (C)
Bundeena Drive. These sites are also depicted by Figure 3.8 (A), (B) and (C),
respectively.

Figure 3.8 – Sutherland Shire Council sampling locations for Bundeena Creek,
intersecting (A) Liverpool Street, (B) Scarborough Street and (C) Bundeena Drive. The
mouth of the creek at the eastern end of Horderns Beach is shown by (D).

The construction of dwellings on the flood plain adjacent to the creek has
resulted in degradation of the riparian zone, and contributed to a significant
decline in creek health (Sutherland Shire Council, 2011a). Sampling at this
site has been selected for this study due to its history of poor water quality
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and a number of complaints by residents over time (B. Noël, pers. comm.,
2012).

3.2.6 Horderns Beach
Horderns Beach is a narrow, 700 m long dissipative beach, which is located
on the southern shore of the Port Hacking Catchment, on the eastern edge of
the Royal National Park (see Figure 3.7). The beach backs onto the
Bundeena township and a wharf is located at the eastern end of the beach for
the Cronulla-Bundeena ferry (shown in Figure 3.8 (D)). The beach has been
selected for this study due to a history of faecal pollution and poor water
quality (Beachwatch, 2011), with potential faecal contamination from a
number of sources, most notably discharge from Bundeena Creek,
stormwater and boats.

3.2.7 Jibbon Beach
Jibbon beach is a dissipative located at the entrance to the Port Hacking
Catchment (see Figure 3.7). The beach faces north and stretches 700 m
along the edge of the Royal National Park. It is backed by a low wellvegetated foredune and Jibbon Lagoon.
The water quality at Jibbon Beach is generally very good, and it is known for
being the most pristine beach in the Sutherland Shire (B. Noël, pers. comm.,
2012). Only few potential contamination sources, including animals,
stormwater and river discharge, are thought to impact on the water quality of
the beach. Jibbon Beach was chosen for study to provide comparison with
other ocean beaches in the Sutherland Shire.

Figure 3.9 – Map showing the location of the Sutherland Shire Council water quality monitoring site for Kangaroo Creek. The positions of
drainage pipes and drainage pits within sub-catchments are also shown.

49

50

3.2.8 Kangaroo Creek
Kangaroo Creek, Audley, is located within the Royal National Park, in the
Hacking River Catchment (see Figure 3.9). The site is surrounded by natural
bushland and has been subject to minimal development, as shown by Figure
3.10). Sutherland Shire Council records indicate a high quality of water for this
site, with little to no bacterial contamination over time.
Audley was selected as the control site for the purposes of this study as it is
falls within the Protection of Aquatic Ecosystem Guidelines (ANZECC, 2000)
and was considered to represent natural water catchment conditions.

Figure 3.10 – Kangaroo Creek, Audley. Site used as a control for Sutherland Shire
Council water quality monitoring.

3.3

Data collection

For this study, enterococci data was obtained from Sutherland Shire Council
and the Beachwatch online database, and rainfall data was obtained from the
BOM online database.
The Sutherland Shire Council has collected water quality data since 1996, but
over this time monitoring methods have varied, primarily due to changes in
staff and available funding. As a consequence, the council data used in this
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study spans only between 2006 and 2012, a period in which the sampling
sites and methods have been consistent. Thus, for comparative purposes, the
data collected from the Beachwatch program for this study also spans
between 2006 and 2012. It is publically available on the NSW Government
Office of Environment and Heritage website.
Daily rainfall data was obtained from the BOM precipitation gauge at South
Cronulla Bowling Club, and the cumulative rainfall values for 24 hours, 72
hours and 144 hours prior to sample collection were calculated. These rainfall
categories were selected because numbers of live enterococci densities can
be considered independent of each other every six days (Hose et al., 2005).
Thus no other rainfall period categories were deemed required for analysis in
this study.
Sutherland Shire Council, Beachwatch and BOM data were integrated, the
results of which are presented and discussed in Chapter 4. The Grubb’s Test
was used to determine the prevalence of outliers in the dataset, as discussed
in Section 4.3.2. Outliers were then excluded for the purposes of this study.

3.4

Field sampling procedures

3.4.1 Sutherland Shire Council
Water samples were collected at each site using aseptic sampling techniques
as per the NHMRC Guidelines (2008). Sterile sampling containers were used
and samples were taken without entry into the water. Gloves were worn and
disposed of after each sample was collected to avoid potential contamination,
while significant measures were taken to ensure each water sample did not
come into contact with potential contaminants. Lids were not removed from
the containers until the time of sample collection, and containers were filled in
a sweeping motion away from the sampler. Lids were replaced efficiently and
tightly immediately after the samples were taken, and contact with the neck or
mouth of the bottles was avoided. A sampling pole was used for instances
where the water could not be reached by hand.
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One sample was taken at each location and placed on ice to be sent to a
commercial laboratory for analysis of enterococci concentrations (see Section
3.5). Another sample was analysed on site for water quality parameters,
including pH, temperature, salinity, DO and turbidity, using a hand held water
quality meter (model number: TPS 90FLMVT). The water quality meter was
calibrated before use, while all probes were rinsed with distilled water
between samples. Conditions such as weather and flow rate at each site were
also recorded (an example of recorded field observations is provided in
Appendix A)

3.4.2 Beachwatch
Samples were collected as part of the Beachwatch program once every six
days throughout the period between 2006 and 2012. At ocean beaches,
samples were collected by hand at knee depth between the patrolled zone. At
harbour beaches, samples were collected by boat, using a sampling pole.
Samples were taken approximately 30 cm underwater, and as close to the
shore as possible. The aseptic sampling technique outlined in Section 3.4.1
was also adhered to for each Beachwatch sample collected, in accordance
with the NHMRC Guidelines (2008).

3.5

Laboratory procedures

After collection, both Beachwatch and Sutherland Shire Council samples were
delivered to an external laboratory for analysis within 24 hours. Sutherland
Shire Council samples were analysed externally through the NATA accredited
ALS Group Environmental Division. The Beachwatch samples were tested for
enterococci by a number of accredited commercial laboratories. Enterococci
concentrations were measured using the membrane filtration procedure in
accordance with the Australian/New Zealand Standard water microbiology
method: AS/NZS 4276.9:2007 Enterococci – Membrane filtration method.
Water samples were filtered through a 0.45 µm fine membrane, placed on
mEI agar to promote growth of the bacteria, and incubated for 24 to 48 hours
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at 41 ± 0.5 °C, before being counted. Counting was undertaken using a
fluorescent lamp with a magnifying lens to ensure maximum visibility. All
colonies greater than or equal to 0.5 mm in diameter with a blue halo were
recorded as enterococci colonies (as shown in Figure 3.11). The enterococci
densities are reported as colony forming units per 100 mL of sample (cfu/100
mL).

Figure 3.11 – Enterococci on mEI Agar. Colonies with a blue halo are considered to be
enterococci. Source: Beachwatch (2012)
http://www.environment.nsw.gov.au/beach/SampleAnalysis.htm

According to the Monitoring Guidelines, the precision and accuracy of data
must be stated when data are presented in reports (ANZECC, 2000). Routine
laboratory controls, such as laboratory duplicates, should be analysed by the
laboratory to ensure the quality of the results. An additional data quality
analysis was undertaken as part of this study to assess the reliability of the
results for Sutherland Shire Council. The results are presented in Chapter 4.

3.6

Quality control analysis

For the purposes of this study, an additional minor quality assurance test was
conducted on the external laboratory results for Sutherland Shire Council to
assess the reliability of the data. Three water samples were collected from
three randomly selected sites, including the control site, and sent to ALS
Laboratories for analysis of enterococci concentrations. The samples were not
specified as replicates so as to ensure no manipulation of results on behalf of
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the laboratory. The results of the quality assessment are presented in Chapter
4, and a copy of the ALS Laboratories Certificate of Analysis for these results
is included in Appendix B.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter presents and discusses the results of the study using both
Sutherland Shire Council and Beachwatch data. An assessment of the quality
of data is provided in Section 4.1. The impact of rainfall variability throughout
the Sutherland Shire is evaluated in Section 4.2 and the variability of
enterococci within each dataset is examined in Sections 4.3 and 4.4 with
results showing the effect of rainfall on enterococci. In addition, the effect of
rainfall on nitrogen is also reviewed in Section 4.3 and comparison of the
results from the Beachwatch dataset with a Beachwatch report is made in
Section 4.4. Synthesis of the results from both datasets is provided in Section
4.5, and Section 4.6 compares these results with those of similar studies
elsewhere. Finally, Section 4.7 outlines the limitations of this study.

4.1

Quality assessment of data

The quality and integrity of data is vital for producing accurate results and thus
the development of relevant conclusions and recommendations. Assurance
programs are used to maintain high levels of data quality, and audits are
performed on sampling and laboratory analysis methodologies to ensure the
quality of data. The data quality assurance programs implemented by both
Beachwatch and ALS Environmental Division Laboratories are discussed in
the following sections.

4.1.1 Sutherland Shire Council data
ALS Environmental Division Laboratories are employed by Sutherland Shire
Council to analyse samples for water quality monitoring programs. To ensure
the integrity and quality of the data provided by ALS Environmental
Laboratories, their methods are audited and assessed both internally and
externally by local accreditation bodies (ALS, 2012). ALS claims to use a
number of routine laboratory control samples for process control, including
laboratory duplicates, method blanks, laboratory control spikes and matrix
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spikes. However, the ALS Quality Control Reports (an example of which is
provided in Appendix C) for Sutherland Shire Council consistently include no
report for each of these controls (B. Noël, pers. comm., 2012).
As stated in Section 3.6, an additional minor quality assurance testing was
undertaken on ALS Laboratories to determine the reliability of the data
provided to the Sutherland Shire Council. Table 4.1 presents the laboratory
replicate results for North Cronulla, Kareena Creek (Winifred Avenue
intersection) and Audley. The reproducibility of enterococci concentrations for
each site is represented by the standard deviation and the potential error of
enterococci values for each site is denoted by the relative standard deviation.

Table 4.1 – Quality assurance test: reliability analysis results of ALS Laboratories.
Standard deviation represents reproducibility of enterococci concentrations and
relative standard deviation indicates potential error in enterococci values for each site
(values shown to 2 decimal places).

North Cronulla
Replicates
A
B
(enterococci
C
cfu/100mL)
Mean
St Dev
Relative St Dev

~800.00
~500.00
1100.00
800.00
300.00
37.50

Kareena Creek
(Winifred Ave)
18.00
22.00
28.00
22.67
5.03
22.21

Audley
<2.00
~4.00
~4.00
3.33
1.15
34.64

Figure 4.1 represents the North Cronulla data in Table 4.1 in the form of a lognormally distributed plot, as the highest error value was calculated for this site.
The enterococci data for Sutherland Shire Council’s water quality monitoring
program (2006-2012) are presented in successive order of collection. The
shaded grey area represents ±1 relative standard deviation for each
enterococci value, thus representing potential error in the dataset. These high
error values contribute to low reproducibility of enterococci concentrations for
each site and could be the result of either heterogeneity of enterococci in
water samples, or laboratory analysis errors. As duplicates were not provided
by ALS Laboratories, the specific source of error for enterococci values for
this dataset cannot be confirmed.

Figure 4.1 – Plot showing relative standard deviation for enterococci samples collected at North Cronulla stormwater outlet using Sutherland
Shire Council data (2006-2012). Data presented using logarithmic scale due to large distribution. Grey shaded area denotes ±1 relative standard
deviation and represents potential error.
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4.1.2 Beachwatch data
The State of the Beaches 2010-2011 report (Beachwatch, 2011) states an
assurance of quality for the data collected under the Beachwatch programs.
The report claims the data is accurate and reliable, and ensures the quality of
field sampling, laboratory analysis and data management.
Field sampling is undertaken by a number of different external organisations,
and the methods are audited regularly to assess their consistency with
established Beachwatch Programs sampling protocols. The protocols are
based on internationally recognised methods for collection of water in
recreational bathing areas. Percent compliance is calculated for sampling
technique, sample collection and field observations, to calculate total
compliance. The relative accuracies of the laboratory results are then
assessed and statistical analysis of the data is undertaken to ensure the
consistency of the results.
Beachwatch states that confidence can be placed in the data published, as
the results reported are in the acceptable range for quality-assured data. A
thorough description of the quality assurance program undertaken by
Beachwatch is included in the New South Wales State of the Beaches 20102011 report (2011). However, data quality for Beachwatch Programs cannot
be adequately assessed in this study, as the data used in their quality
assurance program is not publically available.

4.2

Rainfall variability in the Sutherland Shire

Determination of spatial variability in rainfall data for this study was required,
as there was concern that the rainfall values collected from the selected BOM
weather station (BOM, 2012b) were not representative of the various
sampling sites. Figure 4.2 shows the correlation between monthly rainfalls at
the Audley (Royal National Park) and Cronulla South Bowling Club BOM
weather stations from January 2006 until August 2012. An r value of 0.8380
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and an r2 value of 0.6916 denotes a significant relationship, with only
approximately 30 % variation between the two sites.
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Figure 4.2 – Rainfall variability in the Sutherland Shire: comparison of rainfall volumes
in Cronulla and Audley between Jan 2006 and Aug 2012, including a linear line of best
fit and corresponding r2 value and equation.

Figure 4.3 represents the absolute differences in rainfall between January
2006 and August 2012 for Audley and Cronulla. It is evident that rainfall
variability between the two sites does not frequently exceed 50 mm/month for
most months. This could account for the 30 % variation expressed by Figure
4.2.
Seasonal variation in rainfall may account for the significant differences in
absolute values for the sites (BOM, 2012a). The greatest variation between
sites tends to occur in June each year for Figure 4.3, when the mean
maximum monthly precipitation value is recorded for the Sutherland Shire
(see Section 3.1). During this seasonal period, events such as coastal
thunderstorms may drive the differences in rainfall between sites. For
example, the large absolute value calculated for July 2011 was due to a low
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pressure system off the east coast of NSW that resulted in a four-day period
of elevated rainfall, restricted to coastal areas (BOM, 2012a).
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Figure 4.3 – Absolute difference in rainfall values between Cronulla and Audley
weather stations from Jan 2006 to Aug 2012.

The comparative analysis of rainfall data from two different weather stations
provided confirmation that rainfall variability is relatively limited within the
Sutherland Shire for most events. From Figures 4.2 and 4.3, it is evident that
rainfall across the Sutherland Shire is reasonably consistent on an average
monthly basis. For this reason, it was determined that utilising a number of
different rainfall stations throughout the Sutherland Shire would not improve
the analysis for this study. Thus, the Cronulla gauge was chosen to represent
rainfall in the catchment, despite the particular gauge being located several
kilometres from a number of the sampling sites. Rainfall data used throughout
this study is hereafter per the Cronulla South Bowling Club weather station.

4.3

Sutherland Shire Council results

4.3.1 Variability of enterococci in data
Analysis of the Sutherland Shire Council data showed that enterococci values
varied considerably throughout the period assessed. Figure 4.4 displays the
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results obtained from the initial comparison between rainfall data over the 24,
72 and 144 hours preceding sampling and corresponding enterococci values
for all sample dates.

Figure 4.4 – The variation in enterococci values obtained from Sutherland Shire
Council data in relation to rainfall periods of the preceding (A) 24 hours, (B) 72 hours
and (C) 144 hours. A linear line of best fit and the corresponding r2 value are included
for each plot.
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Figure 4.4 shows that no significant correlations are evident between
enterococci and rainfall over (A) 24 (r2 = 0.0036), (B) 72 (r2 = 0.0008) and (C)
144 (r2 = 0.0005) hour periods. The irregularity of enterococci values in the
data provided is evident, as a wide range of enterococci values are linked to a
single rainfall value.
Table 4.2 lists the range, mean and standard deviation for enterococci and
each of the three rainfall classes. The large range calculated for enterococci
indicates considerable variability, which may be attributed to the release of
faecal bacteria from diffuse sources, as outlined in Section 2.2.2. As a
consequence of this variation, the mean enterococci value has become less
representative of the dataset.
The large range and standard deviation for each of the three rainfall
categories also indicates variation, but not to the extent of enterococci. It is
thus evident from both Table 4.2 and Figure 4.4 that enterococci values are
highly variable for the Sutherland Shire Council dataset.

Table 4.2 – Measures of variability for the Sutherland Shire Council enterococci and
BOM rainfall datasets (values given to 2 decimal places).

Max - Min
Mean
St dev

24-h rainfall
(mm)

72-h rainfall
(mm)

144-h rainfall
(mm)

Enterococci
(cfu/100mL)

96.00
5.45
12.81

96.00
11.04
21.44

221.80
16.31
30.14

28999.00
1613.08
3726.68

The dataset can be classified as zero-inflated data as it contains an extensive
number of zero values for rainfall. Tu (2006) explains that zero-inflated data
can invalidate results if not analysed correctly, and therefore has the potential
to jeopardise the validity of any conclusions drawn from the results.
Figure 4.5 presents the distribution of enterococci data only for significant
rainfall events. Significant events were categorised as ≥5 mm, ≥10 mm or ≥20
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mm rainfall in the previous 24 hour period. Removal of zero-inflated data
results in a slight, although insignificant improvement in correlation, when
compared to Figure 4.4.

Figure 4.5 – Removal of zero-inflated data: plots showing the variability of enterococci
values obtained from Sutherland Shire Council data (2006-2012) in relation to
significant rainfall events, including (A) ≥5mm, (B) ≥10mm and (C) ≥20mm over the
preceding 24 hours. A linear line of best fit and corresponding r2 value are included for
each plot.

64

As the evaluation of the initial comparison between all rainfall and enterococci
data drew no significant trend over all catchments in the Sutherland Shire, a
site-specific analysis was undertaken in Section 4.3.2 for Bundeena Creek.

4.3.2 The relationship between enterococci and rainfall for Bundeena
Creek (Liverpool Street)
It is well documented that a positive correlation between rainfall and
enterococci is present for most catchments due to increases in stormwater
runoff, sewer overflows and septic seepages during and immediately following
rainfall events (see Section 2.2.5). Evaluation of this concept in relation to
Sutherland Shire catchments is presented through the following analysis of
Bundeena Creek (site at Liverpool Street intersection). This site has been
selected for discussion as its data can represent a linear trend with greater
confidence (represented by its coefficient of determination (r2) value) than any
other results obtained from this study. The results for the remainder of the
council sites are presented in Appendix D.
Figure 4.6 (A) indicates a positive correlation between enterococci levels and
24 hour rainfall for Bundeena Creek (Liverpool Street). An r2 value of 0.6865
indicates a significant relationship between rainfall and enterococci. However,
there is no evident significant relationship between enterococci and rainfall
over the preceding 72 and 144 hours, as shown by Figure 4.6 (B) and (C),
respectively. The relationship of 24 hour rainfall and enterococci is, however,
largely controlled by a single large value. This point deviates markedly from
any other sample value in the dataset and may be considered an outlier. The
Grubb’s test was used to assess the hypothesis that the maximum value is an
outlier. The results of Grubb’s test confirmed that this value was an outlier,
and are presented in Appendix E. Grubb’s table of critical values is included in
Appendix F.
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Figure 4.6 – Enterococci versus rainfall for Bundeena Creek (Liverpool Street) using
Sutherland Shire Council data (2006-2012) over rainfall periods of the preceding (A) 24
hours, (B) 72 hours and (C) 144 hours. A linear line of best fit and the corresponding r2
value are included for each plot.

Figure 4.7 presents the results for Bundeena Creek (Liverpool Street)
excluding the outlier. A significant trend is not evident for (A) 24 hours (r2 =
0.1638), thus no significant relationship between rainfall and enterococci
occurs at this site. The same can be stated for both 72 and 144 hour rainfall
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(Figure 4.7 (B) and (C), respectively). It can therefore be assumed that there
is no significant difference in trends between rainfall over 24, 72 and 144 hour
periods. Consequently, it can be inferred that presenting the results for each
rainfall period is unnecessary, and thus the results for only 24 hour rainfall
periods are presented from this point forward.

Figure 4.7 – Plots showing enterococci versus rainfall for Bundeena Creek (Liverpool
Street) using Sutherland Shire Council data (2006-2012) over rainfall periods of the
preceding (A) 24 hours, (B) 72 hours and (C) 144 hours, with outliers excluded. A linear
line of best fit and corresponding r2 value are included for each plot.
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The results obtained from the amended Bundeena Creek (Liverpool Street)
dataset prove that the exclusion of outliers is imperative for the correct
interpretation of data, as a number of outliers were identified for each site.
Hereafter, all results presented in this study exclude any values statistically
determined as outliers by Grubb’s test.
To further examine the relationship between rainfall and enterococci in the
Sutherland Shire, a number of alternative forms of data presentation have
been utilised within this study. Direct comparison of the results from this study
with results of similar studies (Beachwatch, 2011; Alexander, 2007) also
proved difficult due to variation in data representation.
Figure 4.8 represents the data for Bundeena Creek (Liverpool Street) plotted
as an irregular time series, showing the results for both enterococci and 24
hour rainfall for each sampling date. The aim of this plot is to assess potential
patterns between the two y variables through analysis of the rainfall peaks
and their corresponding enterococci value. Theoretically, peaks in rainfall
should correlate with elevated enterococci values (Godfrey et al., 2005), and
although this proves true for a number of sample dates, it is not consistent
across the entire dataset. Therefore, Figure 4.8 also shows that there is no
relationship between rainfall and enterococci for this site.
To further support the results obtained from this study, data was also
presented in box and whisker plots. Figure 4.9 (A) and (B) present the results
for Bundeena Creek (Liverpool Street) using standard linear and logarithmic
scales respectively. Both scales have been used in this study to show
comparison between the two forms of data presentation. Although the linear
scale is simple due to its use of equal divisions for equal values, the
logarithmic scale can better present a large distribution range and can lead to
improvement in correlations (C. Hickey, pers. comm., 2012). This allows for
easier interpretation of the data, particularly if assessing the compliance of the
results with the ANZECC Guidelines (2000). The mean has been plotted for
each distribution, as opposed to the median, to allow an impression of
skewness within the datasets.
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Figure 4.8 – Irregular time series plot showing enterococci versus rainfall for Bundeena Creek (Liverpool Street) using Sutherland Shire
Council data (2006-2012) over a rainfall period of 24 hours, over time. Rainfall is represented as a line graph and enterococci as a column
graph.
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Figure 4.9 – Plot showing enterococci versus rainfall in the preceding 24 hours for
Bundeena Creek using Sutherland Shire Council data (2006-2012), presented by both
(A) standard linear and (B) logarithmic scales. For each rainfall category, the box is
drawn between the lower and upper quartiles of the dataset, the IQR is reflected in the
height of the box, the mean is marked and vertical bars indicate the range of the
distribution. The ANZECC water quality guideline for enterococci (35 cfu/100 mL) is
marked on each plot.

The position of the mean within the box determines whether the distribution is
symmetrical or skewed. For Figure 4.9, the mean for each of the first three
rainfall categories is above the centre of the box, closer to the upper quartile,
thus there are more samples with higher enterococci values. The position of
the mean for the 10+ mm rainfall category indicates that most values were
closer to the lower quartile. The distribution is therefore not symmetrical. An
increase in the mean enterococci value with increasing rainfall is evident,
particularly for rainfall greater than 10+ mm, thus potentially indicating a
relationship between rainfall and enterococci. However, as the distributions of
the data overlap between each category, this relationship cannot be
considered significant. It should also be noted that all mean values are far
above the ANZECC water quality guideline of 35 cfu/100 mL for enterococci in
recreational waters.
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Multiple linear regression models based on antecedent rainfall showed no
significant relationship between enterococci and rainfall for each of the sites
studied. To confirm this, the analysis of rainfall and its effect on total nitrogen
(TN) levels is discussed in Section 4.3.3 to determine whether there is a
significant relationship between runoff and rainfall in the catchment.

4.3.3 The relationship between total nitrogen and rainfall
The presence of a significant relationship between TN and rainfall would
indicate that there is often a positive correlation between runoff and rainfall
(and thus enterococci and rainfall) into receiving waters. This is because
elevated rainfall results in high-flow events, which in turn increases soluble
and particulate nutrient concentrations (Waterwatch, 2002). As no relationship
was evident through the analysis of enterococci results in Section 4.3.2, a
correlation between runoff and rainfall would lead to the assumption that the
enterococci levels in the catchment are not responding as per predicted in
previous studies (Engineers Australia, 2006).
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Figure 4.10 – Plot showing total nitrogen in water versus rainfall for Bundeena Creek
using Sutherland Shire Council data (2006-2012) over a rainfall period of the preceding
24 hours. A linear line of best fit and corresponding r2 value are included.

Figure 4.10 depicts the relationship between TN and rainfall for Bundeena
Creek using Sutherland Shire Council data. A positive correlation between the
two variables would signify a rainfall-related pattern for a runoff indicator in the
catchment, but no significant relationship between TN and rainfall in the
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preceding (A) 24, (B) 72 or (C) 144 hour periods is evident. This analysis
supports the results in Section 4.3.2, indicating that enterococci levels are not
responding as found elsewhere. Due to the absence of a significant pattern
between rainfall and TN, it can therefore be inferred that the catchment is not
responding as per initially assumed.

4.4

Beachwatch results

4.4.1 Variability of enterococci in data
Similar to the data provided by the Sutherland Shire Council, enterococci
values recorded for Beachwatch varied throughout the 2006 – 2012 period,
but not to the same extent. Figure 4.11 displays the preliminary results
obtained from the comparison between rainfall data over 24 hours and
corresponding Beachwatch enterococci values for all sample dates. Table 4.3

Enterococci (cfu/100mL)

lists the measures of variability in enterococci for various rainfall classes.

2000
1500
r² = 0.062

1000
500
0
0

50

100
24-h rainfall (mm)

150

200

Figure 4.11 – The variation in enterococci values obtained from Beachwatch data
(2006-2012) with rainfall in the preceding 24 hours. A linear line of best fit and
corresponding r2 value are included.

As enterococci values do not appear to increase with increasing rainfall
values (Figure 4.11), no significant correlation is evident from this plot. An r2
value of 0.052 confirms the absence of a relationship between enterococci
and rainfall. This phenomenon is discussed further in Section 4.4.2, with a
focus on the Gunnamatta Bay site. The irregularity of enterococci values in
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the data is also evident through inspection of Figure 4.11, as a wide range of
enterococci values are linked to a single rainfall value.

Table 4.3 – Measures of variability for the Beachwatch enterococci and BOM rainfall
datasets (values given to 2 decimal places).

Max - Min
Mean
St dev

24-h rainfall
(mm)

72-h rainfall
(mm)

144-h rainfall
(mm)

Enterococci
(cfu/100mL)

186.00
6.49
16.44

259.60
12.23
24.62

272.40
21.25
33.59

2000.00
29.64
131.16

4.4.2 The relationship between enterococci and rainfall for Gunnamatta
Bay Baths
The Beachwatch results for Gunnamatta Baths have been selected for
discussion in this section due to the site obtaining the strongest linear
regression of the entire dataset. The analysis results for the remaining
Beachwatch sites are presented in Appendix G.
Figure 4.12 shows enterococci versus 24 hour rainfall for Gunnamatta Baths.
The data do not show a relationship between the two vaiables (r2 = 0.1933),
thus no significant relationship between rainfall and enterococci can be

Enterococci (cfu/100mL)

determined for this site.
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Figure 4.12 – Enterococci versus rainfall for Gunnamatta Baths using Beachwatch data
(2006-2012) over a rainfall period of the preceding 24 hours. A linear line of best fit and
corresponding r2 value are included.
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Figure 4.13 – Plot showing enterococci versus rainfall for Gunnamatta Baths using Beachwatch data (2006-2012) over a rainfall period of 24
hours, over time. Rainfall is represented as a line graph and enterococci as a column graph.

Enterococci (cfu/100mL)

4500

73

74

Figure 4.13 shows the data for Gunnamatta Baths plotted as an irregular time
series for enterococci and 24 hour rainfall for each sampling date. As peaks in
rainfall do not consistently occur at the same time as elevated enterococci
values, the plot shows that a significant relationship is not apparent for this
site. Likewise, no significant relationship can be inferred from Figure 4.14.
As stated in Section 4.3.2, box and whisker plots have been used to further
support the results obtained from this study. Figure 4.14 (A) and (B) portray
the Beachwatch results for Gunnamatta Baths using a standard linear and
logarithmic scale respectively. The mean has been plotted for each
distribution, as opposed to the median, to allow an impression of skewness
within the datasets.

Figure 4.14 – Plots of enterococci against 24 hour rainfall for Gunnamatta Baths using
Beachwatch data (2006-2012), presented by both (A) standard linear and (B)
logarithmic scales. The mean is marked for each rainfall category. The ANZECC water
quality guideline for enterococci (35 cfu/100 mL) is marked on each plot.
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An increase in the mean is evident for rainfall above 10 mm over 24 hours,
with mean values for the 10-19.9 mm and 20+ mm rainfall periods falling
above the ANZECC (2000) guideline of 35 cfu/100 mL for enterococci. This
therefore suggests the presence of a relationship between enterococci and
rainfall. However, as the distributions of the data overlap between each
category, the relationship cannot be considered significant.

4.4.3 Comparison of results with Beachwatch study
State of the Beaches is an annual report produced by the NSW Government
Office of Environment and Heritage (OEH) to provide the community with
information on the water quality of beaches and other recreational swimming
locations along the NSW coastline. The aim of the State of the Beaches report
is to indicate the impact of pollution sources on these water bodies, whilst also
evaluate the effectiveness of stormwater and wastewater management plans
and highlight areas for improvement. An attempt to replicate the results of the
State of the Beaches 2010-2011 report for Gunnamatta Baths, using the data
published online by Beachwatch and BOM rainfall data, is discussed here.

Figure 4.15 – Response of enterococci to 24 hour rainfall for Gunnamatta Baths as per
Beachwatch’s State of the Beaches 2010-2011 report. Monitoring period is Jan 2009 to
Apr 2011. The line within each box represents the median. Green line (40 cfu/100 mL)
indicates increased health risk to bathers also referred to as the ‘safe swimming limit’
by Beachwatch. Orange line (200 cfu/100 mL) indicates substantially increased health
risk to bathers. Source: Beachwatch (2011)
http://www.environment.nsw.gov.au/beach/ar1011/index1011.htm
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Figure 4.15 shows the response of enterococci to rainfall as per the
Beachwatch State of the Beaches 2010-2011 report (2011). The report’s
analysis of the plot states:

The response to rainfall graph indicates that enterococci levels
increase with increasing rainfall, often exceeding the safe swimming
limit in response to 10 mm of rainfall or more.

Although this statement is true in regards to the increase of median values
with increases in 24 hour rainfall, a significant relationship is not evident as
the distributions overlap for each rainfall category. Therefore, it is incorrect to
conclude that enterococci values increase with increasing rainfall. The
predictive accuracy of this approach is thus limited for future events.
Figure 4.16 is a replication of the results in Figure 4.15 using Beachwatch
data published online for the period between January 2009 and April 2011
(the same monitoring period used for the State of the Beaches 2010-2011

Enterococci (cfu/100mL)

report (Beachwatch, 2011)).
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Figure 4.16 – Response of enterococci to 24 hour rainfall for Gunnamatta Baths using
Beachwatch data. Monitoring period is Jan 2009 to Apr 2011. The median is marked for
each rainfall category. Green line (40 cfu/100 mL) indicates increased health risk to
bathers also referred to as the ‘safe swimming limit’ by Beachwatch (2011). Orange line
(200 cfu/100 mL) indicates substantially increased health risk to bathers.

Significant differences between Figures 4.15 and 4.16 are apparent through
comparison, including the absence of an IQR for the 0 mm rainfall category
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for Figure 4.16 and different values for medians between the two plots. Unlike
Figure 4.15, Figure 4.16 does not show an increase of median values with
increases in 24 hour rainfall. In addition, the distributions overlap for each
rainfall category, and thus a significant relationship between enterococci and
24 hour rainfall cannot be assumed.
Personal communication with Beachwatch identified a number of factors that
could contribute to these dissimilarities. Rather than data from BOM rainfall
gauges, Beachwatch utilises 24 hour rainfall data from a network of Sydney
Water rainfall gauges for daily predictions of bacterial contamination (J. Elks,
pers. comm., 2012). In addition, Beachwatch does not use only a single
rainfall variable for their prediction models, but instead incorporate a suite of
environmental variables such as tidal exchange (C. Hickey, pers. comm.,
2012).

4.5

Synthesis of results

Direct comparison between the results obtained from Sutherland Shire data
(see Section 4.3) and Beachwatch data (see Section 4.4) is presented in this
section. Although no significant relationship between enterococci and rainfall
can be drawn for either datasets, values for coefficients of determination for
Beachwatch were higher for every analysis.
It was not the purpose of this study to assess the compliance of sites with
water quality guidelines, although it should be noted that all Beachwatch
values for enterococci are considerably lower than those reported for the
Sutherland Shire Council. This could be due to potential differences in
sampling and laboratory procedures, or the handling of samples, between the
two programs. These differences could also be a result of spatial factors, or
the effect of dilution on bacterial concentrations, as Beachwatch samples are
collected within greater volumes of water and further from the shoreline than
samples collected for the Sutherland Shire Council (Beachwatch, 2011).
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4.6

Comparison of results with relevant literature

The influence of rainfall on faecal contamination in recreational water bodies,
due to increased urban runoff and the triggering of sewage overflows with
elevated rainfall, is well established in literature (e.g. Cho et al., 2010; Hill et
al., 2006; Tendolkar et al., 2003; Burhans & Nuzzi, 1997; Gannon & Busse,
1989; SPCC, 1979). The results presented in this chapter conflict with this
concept, as they indicate that there is no statistical correlation between rainfall
and the faecal indicator bacteria, enterococci. A comparison of results from
this study with results from the similar studies outlined in Section 2.4 is
provided in this section.
Potential sources for variation in enterococci data can be identified through
comparison of this study’s results with the results of the US EPA (2005) study
on microbiological monitoring in recreational waters. The study identifies a
number of spatial and temporal components that contribute to variation in data,
including replicate variance (as addressed in Sections 4.4.1 and 4.4.2 of this
study), sampling depth, variance among days and hourly variation. The US
EPA states that sources of enterococci within a catchment tend to be
intermittent and also identifies a number of factors as correlates of microbial
indicators in recreational water, including distance from shoreline and tidal
fluctuation. Indicator bacteria densities were found to be highly variable for
this study, particularly as enterococci can grow or decline at very rapid rates
due to environmental conditions, such as salinity and sunlight.
The study undertaken by Hose et al. (2005), examining spatial and rainfall
related patterns of bacterial contamination in Sydney Harbour, concluded that
enterococci densities in popular recreational waters throughout the Harbour
increase with increasing rainfall. The multiple linear regression models based
on antecedent rainfall accounted for between 15 and 58 % of the enterococci
data. Similarly to this study, Hose et al. found that high bacterial
concentrations were often recorded after little or no rainfall, although
antecedent rainfall conditions were not accounted for. Hose et al. (2005) also
established that fewer low bacterial concentrations were recorded after rain
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and concentrations generally increased with increasing rainfall. These were
not findings of this study for Sutherland Shire catchments.
Results from the study prepared by Alexander (2007) to asses water quality at
beaches in the Illawarra using Beachwatch data, concur with the findings of
Hose et al. (2005). Alexander’s study identifies a positive correlation between
enterococci and 24 hour rainfall, as a result of catchment development,
condition of the sewerage system, frequency of tidal exchange and the
influence of stormwater and sewerage system flow rates.
In comparison to the catchment area investigated by Alexander (2007) and
Hose et al. (2005), Sutherland Shire catchments are reasonably small and
there are relatively few pollution sources. It has also been established by
Beachwatch that the influence of rainfall on enterococci levels for beaches in
the Sutherland Shire is weaker than at most other Sydney beaches (C. Hickey,
pers. comm., 2012). It can therefore be assumed that enterococci levels in the
Sutherland Shire cannot be predicted based soley on rainfall, as they are
influenced by a combination of catchment characteristics and a number of
temporal, spatial and environmental factors.

4.7

Limitations of this study

A number of limitations have been identified throughout this study, potentially
impacting upon the results presented and discussed within this chapter.
Research related to this study was limited, as no literature expressing
negative results for the relationship between rainfall and enterococci is
generally published in peer-reviewed journals. Government reports may
include negative results, although they proved difficult to access for this study.
As data provided for this study was extensive, thorough analysis of
enterococci and rainfall values over a broad period of time could be
completed. However, as the times that samples are collected are not included
for either dataset, the influence of tidal fluctuations and temporal factors on
enterococci levels has been unable to be assessed. A recommendation to
overcome this in future studies is stated in Chapter 5.
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Sampling methods were not consistent across the entire sampling period,
which may have contributed to variation in enterococci levels in both datasets.
In addition, an extensive quality assurance assessment was unable to be
completed due to insufficient data provided by Beachwatch and the absence
of duplicates prepared by ALS Laboratories. These issues have both
contributed to the limitations of this study.

81

CHAPTER 5

CONCLUSIONS AND

RECOMMENDATIONS
This chapter outlines the relevant conclusions for the study and key
recommendations for future studies. Recommendations for the management
of faecal matter in recreational waterways are also included.

5.1

Conclusions

The aim of this study was to determine whether a relationship between
enterococci and rainfall exists for Sutherland Shire catchments, using
extensive water quality and rainfall data from local and state government
records. This project also aimed to predict the likelihood of elevated faecal
bacteria densities in recreational waters, using this relationship. Sites for this
study were selected based on previous water contamination issues. This
study highlights the importance of regular water quality monitoring, due to the
links between the influence of biological pathogens present in recreational
waterways and their detrimental effects on human health.
Initial review of literature relevant to this study developed the assumption of a
near linear correlation between increasing rainfall volumes and faecal bacteria
values, but no significant relationships between enterococci and rainfall in the
Sutherland Shire were found in this study. Thus, the ability of rainfall to predict
bacterial concentrations in the various catchments was extremely limited.
Rainfall in the preceding 24 hours is a particularly coarse measurement, as it
does not take into account either rainfall intensity or antecedent conditions.
Both of these factors affect the amount of stormwater runoff that enters
receiving waters, or whether sewage overflows are triggered. In addition,
major upgrades of the Sutherland Shire’s sewerage network in 2001, and
more recently in 2007 and 2008, have seen vast improvements in the quality
of recreational waters, due significantly to the reduced frequency of sewage
overflows during periods of heavy rainfall.
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Additional reasons explaining the absence of a significant relationship
between rainfall and enterococci in Sutherland Shire catchments include the
following:


The catchment areas are reasonably small and there are relatively few
pollution sources.



The sources of enterococci within a catchment may be intermittent.



Tides and currents affect how quickly the enterococci levels in water
bodies are diluted and dispersed following a rainfall event.



Enterococci data are highly variable. They can grow or die at very rapid
rates depending on environmental conditions, such as salinity and
sunlight.

From this study, it is evident that enterococci levels are influenced by a
combination of catchment characteristics and a number of temporal, spatial
and environmental factors. Due to the complexity of the systems within
Sutherland Shire catchments, the application of a simple multiple regression
analysis is inappropriate to determine the effect of rainfall on enterococci in
recreational waters.

5.2

Recommendations

5.2.1 Future studies
The study highlighted the following recommendations for future research:


As statistical analysis was limited to simple regression models to
determine the presence of a significant relationship between
enterococci and rainfall, a more complex model incorporating a number
of different environmental variables (such tidal exchange) may be
considered for future studies to improve the ability to predict
enterococci concentrations.
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It is recommended that all sampling times for future water quality
monitoring are recorded and added to the dataset to better determine
the effect of tides and flushing within a catchment on enterococci levels.



Samples should also be collected at different times throughout a single
rainfall event to assess the varying levels of enterococci over an entire
flood hydrograph. Sampling over an entire tidal period and/or at the
same tidal heights for different 24 hour rainfall volumes could also be
undertaken.



Analysis of the effect of rainfall on enterococci levels in the Sutherland
Shire prior to 2001 could be undertaken to determine the extent of
change Sydney Water’s sewer upgrade provided to water quality.



Further investigation into the extent of tidal exchange in the Hacking
catchment could be done to evaluate the effect of this process on
enterococci levels.



Sutherland Shire Council should consider including a QA/QC activity in
their recreational water quality monitoring program, so as not to rely
solely upon results from consultants and external laboratories.

5.2.2 The management of faecal contamination in water bodies
This section outlines the recommended actions for Sutherland Shire Council
to continue, or otherwise implement, to reduce the risk of faecal bacteria
entering recreational waterways, and thus significant risks to human health.
The following recommendations encompass methods of either preventing
contamination, controlling pollution at the source, or improving the quality of
stormwater discharged into receiving waters:


Education programs should continue to be designed for residents,
industry and commercial organisations to raise awareness for water
contamination and encourage practicing actions that reduce pollutants
entering runoff.



Smoke and dye testing of properties to identify potential locations of
infiltration or illegal inflow of stormwater into the sewerage system
should be continued.
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Installation of pervious landscaped areas, such as vegetation zones
and porous pathways for new developments, should be considered; as
such measures could reduce the volume of urban runoff entering the
catchment.



Testing of the effectiveness and viability artificial wetlands for their
suitability to improve the quality of stormwater discharge could be
undertaken.



Maintenance and cleaning of stormwater runoff control devices should
be continued.

Effective reduction of faecal contamination sources in the Hacking catchment
requires the support of many parties, including local and state government,
land owners and local residents. If the efforts of these groups are coordinated,
the human health risks associated with the contamination of recreational
water bodies by faecal matter can be reduced considerably.

85

REFERENCES
Alexander, B. C. (2007) Beachwatch in the Illawarra, Morrison, R. J.,
O'Donnell, M. R. & Quin, S. (eds), Water quality in the Illawarra - South
coast region of New South Wales, GeoQuEST Research Centre,
Wollongong.
ALS (2012) Environmental Quality Assurance [Online]. Available:
http://www.alsglobal.com/environmental/quality-assurance.aspx
[Accessed 14/06/2012].
Anderson, K. L., Whitlock, J. E. & Harwood, V. J. (2005) Persistence and
differential survival of fecal indicator bacteria in subtropical waters and
sediments. Applied and Environmental Microbiology, 71(6), p30413048.
ANZECC (2000) Australian guidelines for water quality monitoring and
reporting: summary. Australian and New Zealand Environment and
Conservation Council, Agriculture and Resource Management Council
of Australia and New Zealand, Australia.
APHA (1998) Standard methods for the examination of water and wastewater
(20th Edition). American Public Health Association, Washington D.C.
Beachwatch (2009) Appendix A: Indicators and Guidelines [Online]. Available:
http://www.environment.nsw.gov.au/resources/beach/bppsob0809/096
33appendixes0809.pdf [Accessed 22/02/2012].
Beachwatch (2011) State of the beaches report 2010-2011 [Online].
Available:
http://www.environment.nsw.gov.au/beach/ar1011/index1011.htm
[Accessed 27/02/2012].
Beale, D. C. (1992) Recent Developments in the Control of Urban Runoff.
Journal of the Institution of Water and Environmental Management,
6(2), p141-150.
Bilotta, G. S. & Brazier, R. E. (2008) Understanding the influence of
suspended solids on water quality and aquatic biota. Water Research,
42(12), p2849-2861.
Bitton, G. (2005) Microbial indicators of fecal contamination: Application to
microbial source tracking. Report submitted to the Florida Stormwater
Association, Tallahassee, USA.

86

Bitton, G. (2011) Wastewater Microbiology (4th Edition). Wiley-Blackwell,
Hoboken, NJ, USA.
BOM (2012a) Annual Climate Summary for Sydney - Greater Sydney Regular statements [Online]. Available:
http://www.bom.gov.au/climate/current/annual/nsw/sydney.shtml
[Accessed 06/04/2012].
BOM (2012b) Climate data online [Online]. Available:
http://www.bom.gov.au/climate/data/ [Accessed 12/03/2012]
Burhans, R. & Nuzzi, R. (1997) The use of enterococcus and coliform in
characterizing bathing-beach waters. Journal of Environmental Health,
60(1), p16-22.
Cabelli, V. J. (1989) Swimming-associated illness and recreational water
quality criteria. Water Science and Technology, 21(2), p13-21.
Celico, F., Varcamonti, M., Guida, M. & Naclerio, G. (2004) Influence of
precipitation and soil on transport of fecal enterococci in fractured
limestone aquifers. Applied and Environmental Microbiology, 70(5),
p2843-2847.
Cho, K. H., Cha, S. M., Kang, J. H., Lee, S. W., Park, Y., Kim, J. W. & Kim, J.
H. (2010) Meterological effects on the levels of fecal indicator bacteria
in an urban stream: A modeling approach. Water Research, 44(7),
p2189-2202.
Dale, M. & Stidson, R. (2009) Weather radar to predict exceedances of faecal
coliforms. Water Management, 162(2), p65-72.
Davies-Colley, R. J., Bell, R. G. & Donnison, A. M. (1994) Sunlight
Inactivation of Enterococci and Fecal Coliforms in Sewage Effluent
Diluted in Seawater. Applied Environmental Microbiology, 60(6),
p2049-2058.
DECC (2009) NSW diffuse source water pollution strategy [Online]. Available:
http://www.environment.nsw.gov.au/resources/water/09085dswp.pdf
[Accessed 26/07/2012].
DSEWPC (2012) Department of Sustainability, Environment, Water,
Population and Communities: National Water Quality Management
Strategy [Online]. Available:
http://www.environment.gov.au/water/policy-programs/nwqms/
[Accessed 10/07/2012].

87

EPA (2003) Licensing Guidelines for Sewage Treatment Systems [Online].
Available:
http://www.environment.nsw.gov.au/resources/water/stslicensingguideli
nes.pdf [Accessed 08/10/2012].
Engineers Australia (2006) Australian runoff quality - A guide to water
sensitive urban design. Engineers Media, Crows Nest, NSW, Australia.
Environment Australia (2002a) Module 4 physical and chemical parameters:
Dissolved oxygen [Online]. Available:
http://www.waterwatch.org.au/publications/module4/oxygen.html
[Accessed 31/05/2012].
Environment Australia (2002b) Module 4 physical and chemical parameters:
Electrical conductivity [Online]. Available:
http://www.waterwatch.org.au/publications/module4/electrical.html
[Accessed 31/05/2012].
Ferguson, D. M., Moore, D. F., Getrich, M. A. & Zhowandai, M. H (2005)
Enumeration and speciation of enterococci found in marine and
intertidal sediments and coastal water in southern California. Journal of
Applied Microbiology, 99(3), p598-608.
Fisher, K. & Phillips, C. (2009) The ecology, epidemiology and virulence of
Enterococcus. Microbiology, 155(6), p1749-1757.
Fujioka, R. S., Hashimoto, H. H., Siwak, E. B & Young, R. H. (1981) Effect of
sunlight on survival of indicator bacteria in seawater. Applied
Environmental Microbiology, 41(3), p690-696.
Gannon, J. J. & Busse, M. K. (1989) E. coli and enterococci levels in urban
stormwater, river water and chlorinated treatment plant effluent. Water
Research, 23(9), p1167-1176.
Godfrey, S., Timo, F. & Smith, M. (2005) Relationship between rainfall and
microbiological contamination of shallow groundwater in Northern
Mozambique. Water SA, 31(4), p609-614.
Goonetilleke, A., Thomas, E., Ginn, S. & Gilbert, D. (2005) Understanding the
role of land use in urban stormwater quality management. Journal of
Environmental Management, 74(1), p31-42.
Gray, S. R. & Becker, N. S. C. (2002) Contaminant flows in urban residential
water systems. Urban Water, 4(4), p331-346.

88

Harwood, V. J., Whitlock, J. & Withington, V. H. (2000) Classification of the
antibiotic resistance patterns of indicator bacteria by discriminant
analysis: use in predicting the source of fecal contamination in
subtropical Florida waters. Applied Environmental Microbiology, 66(9),
p3698-3704.
Henrickson, S. E., Wong, T., Allen, P., Ford, T. & Epstein, P. R. (2001) Marine
swimming-related illness: Implications for monitoring and
environmental policy. Environmental Health Perspectives, 109, p645650.
Hill, D. D., Owens, E. O. & Tchounwou, P. B. (2006) The impact of rainfall on
fecal coliform bacteria in Bayou Dorcheat (North Louisiana).
International Journal of Environmental Research and Public Health,
3(1), p114-117.
Hoffman, C. M. (1995) Monitoring of urban runoff derived water pollution to
Coonong Creek, Gymea Bay. Bachelor of Environmental Science
(Honours), School of Earth and Environmental Science, University of
Wollongong.
Hose, G. C., Gordon, G., McCullough, F. E., Pulver, N. & Murray, B. R. (2005)
Spatial and rainfall patterns of bacterial contamination in Sydney
Harbour estuary. Journal of Water and Health, 3(4), p349-358.
Jeng, H. C., England, A. J. & Bradford, H. B. (2005) Indicator organisms
associated with stormwater suspended particles and estuarine
sediment. Journal of Environmental Science and Health, 40(4), p779791.
Jin, G., Englande, A. J., Bradford, H. & Jeng, H. (2000) Indicator organisms of
water quality in Lake Pontchartrain. Proceedings of WEFEC’00, New
Orleans, LA, June 10-13, 2000.
Knowles, M. (1996) Hacking River catchment - A pollution source inventory.
Hacking River Catchment Management Committee, Parramatta, NSW,
Australia.
Lavender, J. S. & Kinzelman, J. L. (2009) A cross comparison of QPCR to
agar-based or defined substrate test methods for the determination of
Escherichia coli and enterococci in municipal water quality monitoring
programs. Water Research, 43(19), p4967-4979.

89

Meynard, C., Reys, J. P., Phan-Tan-Luu, R. & Dumenil, G. (1989)
Bacteriological monitoring of seawater: Correlation between fecal and
total coliforms and interpretation of the results according to the present
standards. Water Research, 23(5), p663-666.
NHMRC (2008) National Health and Medical Research Centre: Guidelines for
managing risks in recreational water [Online]. Available:
http://www.nhmrc.gov.au/_files_nhmrc/publications/attachments/eh38.p
df [Accessed 29/02/2012].
OEH (2011) Preventing beach pollution [Online]. Available:
http://www.environment.nsw.gov.au/beach/ar0809/preventpollution.htm
[Accessed 24/06/2012].
OEH (2012) Sutherland Shire Council [Online]. Available:
http://www.environment.nsw.gov.au/beach/ar0708/sutherland.htm
[Accessed: 14/06/2012].
Roszak, D. B. & Colwell, R. R. (1987) Survival strategies of bacteria in the
natural environment. Microbiology and Molecular Biology Reviews,
51(3), p365-379.
Shehane, S. D., Harwood, V. J., Whitlock, J. E. & Rose, J. B. (2005) The
influence of rainfall on the incidence of microbial faecal indicators and
the dominant sources of faecal pollution in a Florida river. Journal of
Applied Microbiology, 98(5), p1127-1136.
SPCC (1979) Health aspects of faecal contamination - Environmental control
study of Botany Bay. State Pollution Control Commission, Sydney,
NSW, Australia.
SMCMA (2012) Sydney Metropolitan Catchment Management Authority
[Online]. Available: http://www.sydney.cma.nsw.gov.au/ [Accessed
12/04/2012]
Sutherland Shire Council (2011a) State of the Shire report 2010-2011 [Online].
Available: http://sos.sutherlandshire.nsw.gov.au/SOS-2010April/nature-dir-04-10-11-A.php [Accessed 02/08/2012].
Sutherland Shire Council (2011b) Sutherland Shire waterways catchment
map [Online]. Available:
http://www.appliedecology.com.au/sswaterways/map.html [Accessed
04/06/2012].

90

Sutherland Shire Council (2012a) About the Shire [Online]. Available:
http://atlas.id.com.au/(X(1)S(0wjbannn0xdygb454berpoua))/About.aspx
?id=150&pg=2100 [Accessed 23/07/2012].
Sutherland Shire Council (2012b) Stormwater management plans [Online].
Available:
http://www.sutherlandshire.nsw.gov.au/Environment/Waterways/Storm
water_Management_Plans [Accessed 09/07/2012].
Sutherland Shire Council (2012c) Sutherland Shire Council community profile
[Online]. Available: http://profile.id.com.au/Default.aspx?id=150
[Accessed 23/07/2012].
Sydney Water (2012a) Cronulla sewage treatment plant [Online]. Available:
http://210.247.145.33/Education/pdf/tourCSTP.pdf [Accessed
03/07/2012]
Sydney Water (2012b) Wastewater bypasses and system overflows [Online].
Available:
http://www.sydneywater.com.au/Oursystemsandoperations/SewageOv
erflows/ [Accessed 12/09/2012]
Tandon, P., Chhibber, S. & Reed, H. R. (2007) Survival & detection of the
faecal indicator bacterium Enterococcus faecalis in water stored in
traditional vessels. Indian Journal of Medical Research, 125(4), p557566.
Tendolkar, P. M., Baghdayan, A. S. & Shankar, N. (2003) Pathogenic
enterococci: new developments in the 21st century. Cellular Molecular
Life Sciences, 60(12), p2622-2636.
Townsend, S. (1995) A study of the variation in the nature and concentration
of pollutants in urban runoff as it relates to land use in the Sutherland
Shire. Bachelor of Environmental Science (Honours), School of Earth
and Environmental Sciences, University of Wollongong.
Tu, W. (2006) Zero-inflated data, El-Shaarawi, A. H. & Piegorsch, W. W. (eds),
Encyclopedia of Environmetrics, Wiley.
US EPA (2005) The EMPACT Beaches Project: Results from a Study on
Microbiological Monitoring in Recreational Waters, Office of Research
and Development, National Exposure Research Laboratory, Cincinnati,
Ohio, USA.

91

US EPA (2012) Water: monitoring and assessment – fecal bacteria [Online].
Available: http://water.epa.gov/type/rsl/monitoring/vms511.cfm
[Accessed 11/10/2012]
Wade, T. J., Calderon, R. L., Sams, E., Beach, M., Brenner, K. P., Williams, A.
H. & Dufour, A. P. (2006) Rapidly measured indicators of recreational
water quality are predictive of swimming-associated gastrointestinal
illness. Environmental Health Perspectives, 114(1), p24-28.
Waterwatch (2002) Waterwatch Australia national technical manual: module 4
– physical and chemical parameters [Online]. Available:
http://www.waterwatch.org.au/publications/module4/pubs/module4.pdf
[Accessed 10/10/2012].
Wheeler, A. L., Hartel, P. G., Godfrey, D. G., Hill, J. L. & Segars, W. I. (2002)
Potential of Enterococcus faecalis as a human fecal indicator for
microbial source tracking. Journal of Environmental Quality, 31(4),
p1286-1293.
WHO (2001) Water quality: Guidelines, standards and health - Assessment of
risk and risk management for water-related infectious disease [Online].
Available:
http://www.who.int/water_sanitation_health/dwq/iwachap13.pdf
[Accessed 12/04/2012]
WHO (2003) Water Sanitation Health: Guidelines for safe recreational water
environments (Volume 1: Coastal and fresh waters) [Online]. Available:
http://www.who.int/water_sanitation_health/bathing/srwe1/en/index.htm
l [Accessed 15/08/2012]
Yan, T. & Sadowsky, M. J. (2007) Determining sources of fecal bacteria in
waterways. Environmental Monitoning and Assessment, 129(1-3), p97106.
Zhang, Z., Deng, Z. & Rusch, K. A. (2012) Development of predictive models
for determining enterococci levels at Gulf Coast beaches. Water
Research, 46(2), p465-474.

92

APPENDICES

93

APPENDIX A
Field observations 16/04/12

94

95

96

APPENDIX B
ALS Laboratories Certificate of Analysis 25/09/12

97

98

APPENDIX C
ALS Laboratories Quality Control Report 25/09/12

99

100

APPENDIX D
Sutherland Shire Council results for remaining sites
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APPENDIX E
Grubb’s test for outliers
Grubb’s test (eq. 1) for determining the presence of outliers for Bundeena
Creek using Sutherland Shire council data:
(1)
where

is the mean and s is the standard deviation.

H0: there are no outliers in the data
H1: the maximum value is an outlier
Test statistic: G = 5.90
Significance level: α = 0.05
Critical value for an upper one-tailed test: 2.91 (refer to Appendix F)
Critical region: Reject H0 if G > 2.91
The null hypothesis is therefore rejected, and it can be concluded that the
maximum value is an outlier at the 0.05 significance level.
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APPENDIX F
Grubb’s table of critical values
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APPENDIX G
Beachwatch results for remaining sites
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